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As one of the major contributors to aircraft noise, the noise generated by high-lift
devices has been explored for many years. However, the noise related to the slat
track system, which includes all the extrusive components connecting the slat and the
main element, is still generally studied through experimentation due to the complex
geometry. In this project, the aerodynamics and aeroacoustics of the slat track and
cut-out, especially the main element cut-out, were investigated through numerical
simulations for the ﬁrst time.
Two methods were employed in this work. Noise propagation is ﬁrst studied
via a compact source model to evaluate the contribution of each source individually
and to investigate the inﬂuence of the slat track system on the noise propagation in
the slat region. The APE-IV system was employed but modiﬁed by using a more
accurate expression of enthalpy perturbation to calculate the acoustic ﬁelds. The
results show that both the slat track system and the background ﬂow modify the
sound propagation path. The energy radiated towards the ground is increased due to
the interaction of sound waves with the slat track system and the background ﬂow.
Detached eddy simulations were run to investigate the mechanisms of the slat
track and cut-out noise generation. Major noise sources in the slat cove region are
identiﬁed and a noise generation feedback loop is proposed. The results show that
the increment of noise levels due to the existence of the slat track system is two-fold.
The slat track and the cut-out generate noise individually and they also amplify the
noise generated within the slat region when the sound waves propagate though the
slat cove area and interact with the slat track and cut-out. The dominant frequencies
of the spectrum are seen to shift towards the high frequencies due to these added on
components.
In this work, two kinds of possible noise attenuation approaches were proposed
and studied. Geometries based on replacing the sharp cut-out on the main element
leading edge with an edge-rounded or a sealed cut-out have been proved to be able to
reduce the cut-out noise signiﬁcantly. Application of acoustic bulk absorbing material
can also attenuate the cut-out noise eﬃciently for a certain range of frequencies.
2Declaration Of Authorship
I, ................................................. , declare that the thesis entitled
Computational Aeroacoustic Study of Aircraft Slat Tracks and Cut-outs
and the work presented in the thesis are both my own, and have been generated by
me as the result of my own original research. I conﬁrm that:
• this work was done wholly or mainly while in candidature for a research degree
at this University;
• where any part of this thesis has previously been submitted for a degree or
any other qualiﬁcation at this University or any other institution, this has been
clearly stated;
• where I have consulted the published work of others, this is always clearly
attributed;
• where I have quoted from the work of others, the source is always given. With
the exception of such quotations, this thesis is entirely my own work;
• I have acknowledged all main sources of help;
• where the thesis is based on work done by myself jointly with others, I have
made clear exactly what was done by others and what I have contributed myself;
• parts of this work have been published as
1. X. Wang, Z. Hu and X. Zhang (2013) Aeroacoustic eﬀects of high-lift wing
slat track and cut-out system. International Journal of Aeroacoustics, 12,
(3), 283-308.
Signed: ...........................................................................
Date:..............................................................................
3Acknowledgements
Foremost I would like to express my sincere gratitude to my supervisors Professor
Xin Zhang and Dr. Zhiwei Hu for their guidance and encouragement in this work.
Thank Dr. X. Chen, Dr. D. Angland, and Dr. E. Peers for their valuable advice
about the SotonCAA code.
I would also like to thank Dr. X. Huang, Dr. Z. Ma, Dr. K. Kondwani, Dr. K.
V. Mierlo, Mr. M. R. Sanderson and all the colleagues working in ANTC. Thanks
for your kind assistance and true friendship.
Last but not the least, I would like to thank my family for their constant support
and encouragement during the hardest time of my life.
4Contents
1 Introduction 1
1.1 Aircraft Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim and Objectives of the Project . . . . . . . . . . . . . . . . . . . 3
1.3 Structure of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2 Literature Review 8
2.1 Basic Concepts of Sound . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Experimental Investigation on Slat and Slat Track Noise . . . . . . . 10
2.3 Computational Research on Slat and Slat Track Noise . . . . . . . . . 13
2.4 Slat Noise Reduction Approaches Review . . . . . . . . . . . . . . . . 14
2.5 Computational Methodology . . . . . . . . . . . . . . . . . . . . . . . 17
2.5.1 Turbulence modelling . . . . . . . . . . . . . . . . . . . . . . . 18
2.5.1.1 Direct numerical simulation . . . . . . . . . . . . . . 18
2.5.1.2 Large–eddy simulation . . . . . . . . . . . . . . . . . 19
2.5.1.3 Detached–eddy simulation . . . . . . . . . . . . . . . 20
2.5.1.4 RANS and URANS . . . . . . . . . . . . . . . . . . . 21
2.5.2 Radiation models . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5.2.1 Point sources . . . . . . . . . . . . . . . . . . . . . . 21
2.5.2.2 Acoustic analogy approaches . . . . . . . . . . . . . 22
2.5.2.3 Linearized Euler equations . . . . . . . . . . . . . . . 25
2.5.3 Compact source model . . . . . . . . . . . . . . . . . . . . . . 27
2.6 Numerical Algorithm Review . . . . . . . . . . . . . . . . . . . . . . 27
2.6.1 Dispersion–relation–preserving schemes . . . . . . . . . . . . . 28
2.6.2 Compact schemes . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.6.3 Optimized prefactored compact schemes . . . . . . . . . . . . 29
2.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3 Numerical Approaches 30
3.1 APE Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
iCONTENTS
3.1.1 Basic APE system . . . . . . . . . . . . . . . . . . . . . . . . 31
3.1.2 LEEs and APE-IV . . . . . . . . . . . . . . . . . . . . . . . . 34
3.1.3 Improvement of the APE-IV system . . . . . . . . . . . . . . . 35
3.1.4 Numerical schemes employed . . . . . . . . . . . . . . . . . . . 39
3.1.4.1 Spatial discretization . . . . . . . . . . . . . . . . . . 39
3.1.4.2 Time–marching schemes . . . . . . . . . . . . . . . . 40
3.1.5 Filtering schemes . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.1.6 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . 42
3.2 Farﬁeld Radiation Model . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4 Compact Source Model Application on Slat Noise 47
4.1 Noise Investigation on Isolated Slat Tracks . . . . . . . . . . . . . . . 47
4.1.1 Computation setups and grids . . . . . . . . . . . . . . . . . . 48
4.1.2 Aerodynamics and aeroacoustics of isolated tracks . . . . . . . 50
4.1.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2 Compact Source Model Simulation Setup . . . . . . . . . . . . . . . . 58
4.2.1 Major source properties in slat cove region . . . . . . . . . . . 58
4.2.2 Calculation setup . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3.1 Eﬀect of source distribution on noise propagation in the slat
cove region . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3.2 Inﬂuence of background ﬂow on noise propagation in 3-D HLDs. 66
4.3.2.1 Noise from line dipoles along the slat trailing edge. . 67
4.3.2.2 Noise from line dipoles along the slat cusp. . . . . . . 71
4.3.3 Inﬂuence of the slat track system on noise propagation in the
slat cove region. . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.3.3.1 Noise from line dipoles along the slat trailing edge. . 74
4.3.3.2 Noise from line dipoles along the slat cusp. . . . . . . 76
4.3.3.3 Noise from line dipoles at the slat track position . . . 78
4.3.4 Inﬂuence of slat track system on noise propagation . . . . . . 81
4.3.5 Acoustic ﬁeld reconstruction in slat cove region. . . . . . . . . 83
4.3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5 DES of 3-D HLD Conﬁgurations 86
5.1 Geometry and Calculation Setup . . . . . . . . . . . . . . . . . . . . 86
5.2 Eﬀects of the Slat Track System on HLD Aerodynamics . . . . . . . . 91
5.2.1 Wing performance . . . . . . . . . . . . . . . . . . . . . . . . 91
iiCONTENTS
5.2.2 Time averaged ﬂow ﬁelds . . . . . . . . . . . . . . . . . . . . . 95
5.2.3 Turbulent statistics . . . . . . . . . . . . . . . . . . . . . . . . 103
5.2.4 Instantaneous ﬂow ﬁeld . . . . . . . . . . . . . . . . . . . . . . 107
5.3 Eﬀects of Slat Track System on HLD Aeroacoustics . . . . . . . . . . 113
5.3.1 Inﬂuence on slat surface noise . . . . . . . . . . . . . . . . . . 113
5.3.2 Inﬂuence on ﬂap surface noise . . . . . . . . . . . . . . . . . . 115
5.3.3 Inﬂuence to overall noise level . . . . . . . . . . . . . . . . . . 116
5.3.4 Comparison of slat noise and slat track system noise . . . . . 120
5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6 Noise Reduction Approaches 124
6.1 Modiﬁcations of the Cut-out Geometry . . . . . . . . . . . . . . . . . 124
6.1.1 Cut-out geometry modiﬁcations . . . . . . . . . . . . . . . . . 125
6.1.2 Eﬀect of cut-out sealed . . . . . . . . . . . . . . . . . . . . . . 126
6.1.3 Eﬀects of the edge-rounded and edge-chamfered cut-outs . . . 132
6.2 Noise Reduction through Acoustic Bulk Absorbing Material Application138
6.2.1 Acoustic absorbing bulk material on cut-out . . . . . . . . . . 139
6.2.2 Properties of the acoustic absorbing bulk material . . . . . . . 141
6.2.3 Estimation of the noise attenuation . . . . . . . . . . . . . . . 142
6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
7 Conclusions and Future Work 145
Appendix A Derivation of N–S Equations in Terms of Enthalpy and
Velocity 148
Appendix B Grid Sensitivity Analysis 150
Appendix C Estimation of Noise Reduction by Acoustic Bulk Absorb-
ing Material 153
C.1 Sound reduction of a porous material . . . . . . . . . . . . . . . . . . 153
C.2 Improved estimation on random incidence sound . . . . . . . . . . . . 159
Bibliography 162
iiiList of Figures
1.1 Major noise sources of an aircraft. . . . . . . . . . . . . . . . . . . . . 2
1.2 Noise contributions of various parts of airframe, left: short-medium
range; right: long range. [1]. . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Slat track on an Airbus A340 outboard wing. . . . . . . . . . . . . . 4
1.4 HLD geometry in a landing conﬁguration. . . . . . . . . . . . . . . . 4
1.5 Schematic plot showing the complex ﬂow ﬁeld around the slat. . . . . 5
2.1 Comparison of typical noise level [2]. . . . . . . . . . . . . . . . . . . 9
2.2 A generic slat acoustic spectrum based on Strouhal frequency [3]. . . 11
2.3 Acoustic treatment with cut-out sealed [4]. . . . . . . . . . . . . . . . 16
2.4 Acoustic treatment with the slat track fairing [5]. . . . . . . . . . . . 17
2.5 A sketch of hybrid method. . . . . . . . . . . . . . . . . . . . . . . . 18
2.6 Theoretical directivity patterns for far-ﬁeld sound pressure levels radi-
ated from a point source. [6] . . . . . . . . . . . . . . . . . . . . . . . 22
3.1 Contours of the time-averaged pressure for 3-D HLDs without the slat
track system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2 Positions of the two monitor points. . . . . . . . . . . . . . . . . . . . 37
3.3 Time histories of the second terms in Equations (3.25) and (3.29) at
monitor 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.4 Time histories of the second terms in Equations (3.25) and (3.29) at
monitor 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.5 Time histories of acoustic pressure at the two monitor points. . . . . 38
4.1 Sketch of 3-D view of the two shapes of tracks and the incoming ﬂow
directions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2 Computational domain around the HLD model (left) and a close-up
view of the grid around the I-beam track (right). . . . . . . . . . . . . 49
4.3 Contours of time-averaged velocity magnitude and streamlines around
the track (Case I). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
ivLIST OF FIGURES
4.4 Contours of time-averaged velocity magnitude and streamlines around
the track (Case II). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.5 Contours of instantaneous vorticity (Case I). . . . . . . . . . . . . . . 53
4.6 Contours of instantaneous vorticity (Case II). . . . . . . . . . . . . . 53
4.7 Directivities for the I-beam and rectangular shape tracks (Case I). . . 54
4.8 Directivities for the I-beam and rectangular shape tracks (Case II). . 55
4.9 Comparison of spectra at the observer underneath the track for the
I-beam and rectangular tracks (Case I). . . . . . . . . . . . . . . . . . 56
4.10 Comparison of spectra at the observer underneath the track for the
I-beam and rectangular tracks (Case II). . . . . . . . . . . . . . . . . 56
4.11 Computational domains for two grids around 3-D HLDs. . . . . . . . 61
4.12 Source positions and dipole distributions. . . . . . . . . . . . . . . . . 63
4.13 Three typical cross section positions in spanwise direction. . . . . . . 63
4.14 Contours of instantaneous pressure perturbations with Cosine-function
distributed dipoles along the slat cusp for the baseline conﬁguration. . 64
4.15 Contours of instantaneous pressure perturbations with Cosine-function
distributed dipoles along the slat cusp for the track conﬁguration. . . 65
4.16 Directivities of the sound radiated from the sources with diﬀerent dis-
tributions along the spanwise direction. . . . . . . . . . . . . . . . . . 65
4.17 Sound convection by a time-averaged mean ﬂow. . . . . . . . . . . . . 66
4.18 Contours of the time-averaged pressure for 3-D HLDs with and without
the slat track system. . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.19 Contours of instantaneous pressure perturbations for the baseline con-
ﬁguration with line dipoles along the slat trailing edge. . . . . . . . . 68
4.20 Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat trailing edge
at Position S3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.21 Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat trailing edge
at Position S2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.22 Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat trailing edge
at Position S1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.23 Directivities of radiated sound from line dipoles along slat trailing edge
with and without background ﬂow. . . . . . . . . . . . . . . . . . . . 70
4.24 Projection area on the ground. . . . . . . . . . . . . . . . . . . . . . . 70
vLIST OF FIGURES
4.25 Contours of instantaneous pressure perturbations for the baseline con-
ﬁguration with dipoles along the slat cusp. . . . . . . . . . . . . . . . 71
4.26 Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat cusp at
Position S3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.27 Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat cusp at
Position S2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.28 Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat cusp at
Position S1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.29 Directivities of radiated sound from line dipoles along slat cusp with
and without background ﬂow. . . . . . . . . . . . . . . . . . . . . . . 73
4.30 Directivities of radiated sound from line dipoles along slat trailing edge
for the two conﬁgurations with and without the slat track system. . . 75
4.31 Noise level contour projection on the ground with line dipoles along
the slat trailing edge. . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.32 Directivities of radiated sound from line dipoles at slat cusp for two
conﬁgurations with and without the slat track system. . . . . . . . . 77
4.33 Noise level contour projection on the ground with line dipoles along
the slat cusp. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.34 Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along a slat track (middle
span). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.35 Directivities of radiated sound from line dipoles along a slat track. . . 80
4.36 Noise level contour projection on the ground with the dipoles along
the slat track. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.37 Contours of instantaneous pressure perturbations with sources of dif-
ferent frequencies for the baseline conﬁguration. . . . . . . . . . . . . 81
4.38 Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with sources of diﬀerent frequencies. . . . . 82
4.39 Directivities of radiated noise of sources with diﬀerent frequencies for
the two conﬁgurations with and without the slat track system. . . . . 83
4.40 Directivities of the radiated sound from the strength-adjusted sources
for the two conﬁgurations with and without slat track and cut-out. . 84
5.1 Sketch of the computational domain (not to scale). . . . . . . . . . . 87
5.2 Close-up view of skewness distribution in the slat region. . . . . . . . 88
viLIST OF FIGURES
5.3 Close-up view of contours of cell aspect ratio in the slat region. . . . . 89
5.4 A close-up view of the 3-D grid for the conﬁguration with the slat track
system in the slat region from diﬀerent directions. . . . . . . . . . . . 89
5.5 Position of the oﬀ-body FW–H surface. . . . . . . . . . . . . . . . . . 90
5.6 Comparison of the time-averaged pressure distribution on each com-
ponent of HLDs at Position S1. . . . . . . . . . . . . . . . . . . . . . 92
5.7 A close-up view of time-averaged streamlines around the slat track
compared with baseline case. . . . . . . . . . . . . . . . . . . . . . . . 93
5.8 Comparison of the time-averaged pressure distribution on each com-
ponent of HLDs at Position S3. . . . . . . . . . . . . . . . . . . . . . 94
5.9 Comparison of the lift and drag coeﬃcients. . . . . . . . . . . . . . . 94
5.10 Contours of time-averaged velocity and streamlines around the slat at
diﬀerent spanwise cross sections. . . . . . . . . . . . . . . . . . . . . . 95
5.11 General features of a ﬂow over a multi-element aerofoil [7]. . . . . . . 96
5.12 Positions of monitor lines along the wing. . . . . . . . . . . . . . . . . 97
5.13 Comparison of the interacting ﬂow development above the main ele-
ment suction surface for two conﬁgurations with and without the slat
track system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.14 Comparison of skin friction coeﬃcient over the main element surfaces . 99
5.15 Contours of the time-averaged velocity and streamlines around the ﬂap
without the slat track system. . . . . . . . . . . . . . . . . . . . . . 100
5.16 Contours of the time-averaged velocity and streamlines around the ﬂap
with the slat track system. . . . . . . . . . . . . . . . . . . . . . . . 101
5.17 Comparison of contour lines over the ﬂat for U = 0 at Position S3. . 101
5.18 Positions of the monitor lines. . . . . . . . . . . . . . . . . . . . . . . 102
5.19 Time-averaged velocity proﬁles along two monitor lines. . . . . . . . 103
5.20 Contours of TKE distribution around the slat for the two conﬁgura-
tions at diﬀerent spanwise cross sections. . . . . . . . . . . . . . . . . 104
5.21 Position of the monitor transversal plane at x/c=0.125. . . . . . . . 105
5.22 Contours of RMS velocity ﬂuctuation on the transversal plane for the
baseline case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.23 Contours of RMS velocity ﬂuctuation on the transversal plane for the
case with the slat track system. . . . . . . . . . . . . . . . . . . . . . 106
5.24 Contours of TKE distribution around the ﬂap for the two conﬁgura-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.25 Contours of instantaneous vorticity at diﬀerent spanwise cross sections. 108
viiLIST OF FIGURES
5.26 Contours of instantaneous vorticity around the ﬂap without the slat
track system at diﬀerent positions. . . . . . . . . . . . . . . . . . . . 109
5.27 Contours of instantaneous vorticity around the ﬂap with the slat track
system at diﬀerent positions. . . . . . . . . . . . . . . . . . . . . . . 109
5.28 Iso-surface of second invariant of the velocity gradient Q = 8000
around the slat for the baseline conﬁguration. . . . . . . . . . . . . . 110
5.29 Iso-surface of second invariant of the velocity gradient Q = 8000
around the slat with the slat track system added. . . . . . . . . . . . 110
5.30 Iso-surface of second invariant of the velocity gradient Q = 8000
around the HLDs for the baseline case. . . . . . . . . . . . . . . . . . 111
5.31 Iso-surface of second invariant of the velocity gradient Q = 8000
around the HLDs for the case with the slat track system. . . . . . . 111
5.32 Iso-surface of second invariant of the velocity gradient Q = 8000
around the ﬂap for the baseline case. . . . . . . . . . . . . . . . . . . 112
5.33 Iso-surface of second invariant of the velocity gradient Q = 8000
around the ﬂap for the case with the slat track system. . . . . . . . . 112
5.34 Pressure perturbations on the ﬂap surface for two cases with and with-
out the slat track system. . . . . . . . . . . . . . . . . . . . . . . . . 114
5.35 Directivities of noise radiated from the slat surface for diﬀerent con-
ﬁgurations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.36 Pressure perturbations on the ﬂap surface for the two cases with and
without the slat track system. . . . . . . . . . . . . . . . . . . . . . . 116
5.37 Directivities of noise radiated from ﬂap surface for diﬀerent conﬁgura-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.38 Directivities of radiated sound from two conﬁgurations with and with-
out the slat track system. . . . . . . . . . . . . . . . . . . . . . . . . 117
5.39 Comparison of spectra at the point right beneath the HLDs. . . . . . 118
5.40 Comparison of spectra at the monitor point near the slat trailing edge. 119
5.41 Comparison of spectra at the monitor point near the slat cusp. . . . . 120
5.42 Directivities of noise radiated from surface of diﬀerent components. . 121
5.43 Comparison of source strength on surfaces of the slat, slat track and
cut-out. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.1 Geometries of the baseline and three shape modiﬁed cut-outs. . . . . 125
6.2 Contours of instantaneous vorticity at Position S1 for the two cases. . 127
6.3 Contours of instantaneous vorticity contours at Position S2 for the two
cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.4 Contours of TKE distribution at Position S1 for the two cases. . . . . 128
viiiLIST OF FIGURES
6.5 Contours of TKE distribution at Position S2 for the two cases. . . . . 128
6.6 Iso-surface of second invariant of the velocity gradient Q = 8000
around the slat with cut-out sealed. . . . . . . . . . . . . . . . . . . . 129
6.7 Directivities of radiated sound from three conﬁgurations. . . . . . . . 130
6.8 Comparison of spectra at the monitor point near the slat trailing edge. 131
6.9 Comparison of spectra at the monitor point near the slat cusp. . . . . 131
6.10 Contours of instantaneous vorticity for the conﬁguration with edge-
rounded cut-out. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
6.11 Contours of instantaneous vorticity for the conﬁguration with edge-
chamfered cut-out. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.12 Contours of TKE distribution at diﬀerent spanwise cross sections with
edge-rounded cut-out. . . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.13 Contours of TKE distribution at diﬀerent spanwise cross sections with
edge-chamfered cut-out. . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.14 Comparison of spectra at the monitor point near the slat trailing edge. 135
6.15 Comparison of spectra at the monitor point over the slat track. . . . 136
6.16 Comparison of spectra at the point near the slat cusp. . . . . . . . . 136
6.17 Comparison of spectra at the point right beneath the HLDs. . . . . . 137
6.18 Directivities of the conﬁgurations with diﬀerent shape of cut-outs. . . 138
6.19 Contours of instantaneous pressure perturbations on the spread cut-
out surfaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
6.20 Basic geometry of the cut-out in the leading edge of the main element
(not to scale). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
6.21 Sketch of the application of porous material. . . . . . . . . . . . . . . 141
6.22 Unwrapped schematic of the cavity area for full scale model. . . . . . 141
B.1 Computational domains of the two sets of grids for APE simulations. 151
B.2 A close-up view of the two sets of grids for APE simulations. . . . . . 151
B.3 Comparison of the pressure perturbation history of the same monitor
under the slat (not to scale). . . . . . . . . . . . . . . . . . . . . . . . 152
B.4 A close-up view of the two sets of grids for APE simulations. . . . . . 152
C.1 Acoustically lined ﬂat plate simpliﬁcation with normal incidence sound
waves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
C.2 Low, medium and high frequency regions for the estimation [8]. . . . 155
C.3 Low frequency transmission loss for a porous liner [8]. . . . . . . . . . 155
C.4 High frequency transmission loss for a porous liner [9]. . . . . . . . . 156
C.5 High frequency reﬂection loss at air/porous material interface [8]. . . 156
ixLIST OF FIGURES
C.6 PSD for the cavity (full scale model) [8]. . . . . . . . . . . . . . . . . 157
C.7 Attenuation vs. Frequency for the cavity lining at 50 mm thick. . . . 158
C.8 Acoustically lined ﬂat plate simpliﬁcation with random incidence sound
waves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
C.9 Unwrapped schematic of the cavity area for full scale model. . . . . . 160
xList of Tables
4.1 Computational setup for the simulation of isolated slat tracks . . . . 49
4.2 Comparison of track performance . . . . . . . . . . . . . . . . . . . . 50
4.3 Geometry parameters of slat and slat track system. . . . . . . . . . . 60
4.4 List of computed cases . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.5 List of radiated energy for Case III–VI . . . . . . . . . . . . . . . . . 71
4.6 List of radiated energy for Case VII-X . . . . . . . . . . . . . . . . . 74
6.1 Noise reduction estimation based on random incidence absorption co-
eﬃcient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
C.1 Attenuation estimation over a range of octave bands . . . . . . . . . . 158
C.2 Noise reduction estimate based on random incidence absorption coef-
ﬁcient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
xiNomenclature
Alphanumeric
c Reference Chord Length
ca Speed of Sound
CD Coeﬃcient of Drag
CL Coeﬃcient of Lift
cp Pressure Coeﬃcient
Cp Speciﬁc Heat Coeﬃcient at Constant Pressure
cs Slat Chord Length
Cv Speciﬁc Heat Coeﬃcient of Constant Volume
c∞ Speed of Sound in Undisturbed Medium
Dt Nondimensional Time Step
f Frequency
fm Source Term of the Momentum Equation
fs Permeable FW–H Integration Surface (fs = 1)
gc Cut-out Spanwise Gap
gf Flap Gap
gs Slap Gap
G Green Function
G0 Free-Space Green Function
h Enthalpy
H(f) Heaviside Function
Li Dipole Source Vector of the FW–H Equation
L Lamb Vector
xiiNOMENCLATURE
lt Thickness of Slat Track
M Mach Number
Mr Mach Number in the Radiation Direction
  n Normal Vector
of Flap Horizontal Overlap
os Slat Horizontal Overlap
p Static Pressure
Pij Compressive Stress Tensor
qc Source Term of the Continuity Equation
qe Source Term of the Energy Equation
q¯ ω Production of the Mean Vorticity
R Ideal Gas Constant
Re Reynolds Number
Q Second Invariant of the Velocity Gradient Tensor
qc,qm,qe Source Terms in Acoustic Perturbation Equations
s Entropy
S Source Term
S( ) FW–H Integration Surface Area
St Strouhal Number
t Time
T Temperature
Tij Lighthill’s Stress Tensor
u,v,w Velocity Components in Cartesian Coordinates
ui,uj,uk Velocity Vector Components in Cartesian Coordinates
Ui Monopole Source Vector Components
u,v,w Velocity Vectors
x,y,z Cartesian Coordinates
x Observer Position Vector
y Source Position Vector
xiiiNOMENCLATURE
Abbreviations
2-D Two–Dimensional
3-D Three–Dimensional
ACARE Advisory Council on Aeronautics Research in Europe
AOA Angle of Attack
AOS Angle of Slat
APE Acoustic Perturbation Equation
CAA Computational Aeroacoustics
CFD Computational Fluid Dynamics
DDES Delayed Detached-Eddy Simulation
DES Detached-Eddy Simulation
DNS Direct Numerical Simulation
DRP Dispersion–Relation–Preserving
DNW German-Dutch Wind Tunnels
EPNdB Eﬀective Perceived Noise in Decibels
FW–H Ffowcs Williams–Hawkings
HLD High–Lift Device
IDDES Improved Delayed Detached-Eddy Simulation
JAXA Japan Aerospace Exploration Agency
K–H Kelvin–Helmholtz
LDA Laser Doppler Velocimetry
LDDRK Low-Dissipation and Low–Dispersion Runge–Kutta
LDE Linearized Divergence Equation
LEE Linearized Euler Equation
LES Large–eddy Simulation
MSD Modeled–Stress Depletion
N–S Navier–Stokes
NASA National Aeronautics and Space Administration
NRC Noise Reduction Coeﬃcient
xivNOMENCLATURE
OASPL Overall Sound Pressure Level
PIV Particle Image Velocimetry
PPW Points Per Wavelength
PSD Power Spectral Density
RANS Reynolds–Averaged Navier–Stokes
RMS Root Mean Square
S–A Spalart–Allmaras
SGS Sub–Grid Scale
SPL Sound Pressure Level
TKE Turbulence Kinetic Energy
T–S Tollmien–Schlichting
URANS Unsteady Reynolds–Averaged Navier–Stokes
WMLES Wall-Modelling in LES
Greek
α Angle of Attack
γ Ratio of Speciﬁc Heat Coeﬃcients
δ( ) Dirac Delta Function
δf Angle of Flap
δs Angle of Slat
δij Kronecker Delta
µ Dynamic Viscosity
ν Kinematic Viscosity
ρ Density
σij Viscous Stress Tensor
τ Pseudo-Time
τ,τij Viscous Shear Stress
Φ Source Function
ω Angular Frequency
xvNOMENCLATURE
Symbols
✷2 Wave Operator
Subscripts or Superscripts
( )∗ Dimensionless Variable
( )v Solenoidal Vortical Perturbation
( )a Irrotational Acoustic Perturbation
( )′ Fluctuation Quantity
( ) Time-Averaged Quantity
( )∞ Free-stream Value
xviChapter 1
Introduction
1.1 Aircraft Noise
Since the enactment of the Noise Control Act of 1972 in the United States, environ-
mental concerns have led to increasingly more stringent aircraft noise regulations.
The Advisory Council on Aeronautics Research in Europe (ACARE) has issued a
very ambitious noise reduction objective of reducing the perceived noise emission of
ﬂying aircraft by 65% by 2050 relative to the capabilities of typical new aircraft in
2000 [10]. The publication of ‘Flightpath 2050’ challenges the engineering community
to provide more advanced technology concepts and innovations to reduce the aircraft
noise further.
Progress in understanding the mechanisms of aircraft noise through theoretical
and experimental work has resulted in remarkable achievements of aircraft noise re-
duction over the past 50 years. Continuous advances in the development of low noise
high bypass-ratio engines have resulted in the airframe noise levels of modern civil
aircraft in the landing and taking-oﬀ phases being comparable to the engine noise
levels. Figure 1.1 shows the typical aircraft noise sources for an Airbus 380. Con-
tributions to aircraft noise from various sources are compared in Figure 1.2 during
approach phase. Reducing airframe noise, including landing gear noise and high lift
device (HLD) noise, is becoming more and more important in the challenge to meet
future stringent noise limits. Any further attenuation in aircraft noise can only be
achieved through reduction of both engine noise and airframe noise.
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Figure 1.1: Major noise sources of an aircraft.
Figure 1.2: Noise contributions of various parts of airframe, left: short-medium range;
right: long range. [1].
Generally, airframe noise is deﬁned as the non-propulsive component noise radi-
ated from a ﬂying aircraft [11]. To solve these noise problems, one has to answer the
following questions:
• Where are the noise sources?
• How is the noise generated?
• How does the noise propagate?
• How do noise sources interact with each other?
• How to reduce or eliminate the noise?
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Continuous eﬀorts are being made to generate a thorough understanding of ﬂow
physics and the underlying mechanisms for ﬂow generated noise. In a classic overview
of airframe noise, Crighton [12] ﬁrst classiﬁed methods of predicting airframe noise
into two paths. The ﬁrst is called the “whole aircraft” approach. The acoustic analysis
is based on a full-scale model and data from experiments with only rudimentary
theoretical underpinning. Such a method provides limited information about airframe
noise mechanisms and is only used to estimate noise levels for an existing design. For
example, Airbus noise tests on a full-scale A320 wing section in the German-Dutch
Wind Tunnels (DNW) using this approach identiﬁed that the ﬂap side-edge, recessed
cavities and the slat leading edge contribute signiﬁcantly to the airframe noise [13].
The second path, which is named “component source”, is used to locate individual
source positions, estimate source strengths and describe interactions between sources.
At Boeing, researchers mapped the distribution of noise sources of the airframe [14].
The leading and trailing edges of the slat, the slat and main element coves and the
leading and trailing edges of the ﬂap were identiﬁed as the major noise sources. In
addition, the accessories of the slat and ﬂap, such as the slat track, main element
leading edge cut-out and ﬂap spoiler, were also found to contribute to the overall
airframe noise [5, 13, 15, 16, 17]. These two approaches underpin all researches in
this area.
Various potential noise reduction approaches were also exploited and investigated
[4, 5, 8, 18, 19]. Some of them such as porous airfoil surface and serrated trailing
edge have displayed promising eﬀects.
In this work, existing research on the slat track and cut-out related noise is ﬁrst
reviewed. The mechanisms of generation and radiation of slat track and cut-out noise,
especially the cut-out noise, are investigated for the ﬁrst time. Potential approaches
of cut-out noise reduction are studied.
1.2 Aim and Objectives of the Project
In HLDs, slat tracks are the movable supporting structure connecting the leading
edge slat to the main wing as shown in Figure 1.3. They are extrusive parts with
complicated conﬁguration and installed underneath the slats connecting the slats
and the main element. A slat track, a track joint and a cut-out on the main element
leading edge are called the slat track system in this work. The HLD conﬁguration
without the slat track system is deﬁned as the baseline geometry.
In order to describe the geometry of HLDs in their landing phase conﬁguration,
eight key parameters are used to decide the relative position of the three elements
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of HLDs (slat, main element and ﬂap) and have to be speciﬁed. The slat position
relative to the main element is ﬁxed through the connection of a slat track and a
joint. Details are shown in Figure 1.4.
Figure 1.3: Slat track on an Airbus A340 outboard wing.
Figure 1.4: HLD geometry in a landing conﬁguration.
1. Slat gap (gs) is the shortest distance between the slat trailing edge and the
main element.
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2. Slat horizontal overlap (Os) is deﬁned as the horizontal distance from the slat
trailing edge to the main element leading edge.
3. Flap gap (gf) is the shortest distance between the main element trailing edge
and the ﬂap.
4. Flap horizontal overlap (Of) is the horizontal distance from the main element
trailing edge to the ﬂap leading edge.
5. Slat track thickness (lt) is the spanwise width of the slat track.
6. Cut-out spanwise gap (gc) is the spanwise width of the cut-out cavity.
7. Angle of slat (δs) is deﬁned as the angle between the slat centreline and the
airfoil chord line [20].
8. Angle of ﬂap (δf) is deﬁned as the angle between the ﬂap centreline and the
airfoil chord line.
When the wing is in a landing conﬁguration with the slat deployed, the ﬂow ﬁeld
around the slat becomes complicated involving phenomena such as ﬂow separation,
vortex shedding at various positions and their interactions as illustrated, based on
existing work [21, 22, 23] and simulations performed in this study, in Figure 1.5.
Figure 1.5: Schematic plot showing the complex ﬂow ﬁeld around the slat.
Flow separation introduces unsteadiness, and could lead to more noise being gen-
erated and radiated. As a potential strong noise source, the slat track system is
51. INTRODUCTION
attracting much attention from researchers. However its noise is less well understood
compared to other HLD noise due to its complex geometry. Most of the current de-
signs of slat track system only consider the structural and fatigue properties without
much consideration towards the eﬀect of the slat track system on the ﬂow ﬁeld and
acoustic ﬁeld.
The aim of this project is to identify the noise sources in the slat cove region
relating to the conﬁguration with the slat track system and to quantify the noise
contributions from the slat track and cut-out to the overall HLD noise. Especially
the cut-out noise is investigated computationally for the ﬁrst time. The numerical
simulations performed reveal the noise mechanisms of the slat track system noise
and aid in the development of noise attenuation techniques by continuously various
geometry modiﬁcations.
1.3 Structure of the Thesis
This thesis is composed of seven chapters. Chapter 1 contains an introduction to the
background and objectives of this work. This work is based on computational studies
of the aerodynamics and aeroacoustics for three-dimensional (3–D) HLDs with the
slat track system to investigate the mechanisms of corresponding noise generation.
Chapter 2 reviews relevant literature regarding slat and slat track noise research,
both the experimental and the computational. Existing noise reduction approaches
and their limitations are discussed in this chapter. This chapter also includes a
discussion of literature pertaining to the current computational methodologies that
are widely used for airframe noise investigation and high-order numerical schemes
used in diﬀerent computational aeroacoustics (CAA) approaches.
The numerical approaches employed in this work are introduced in more depth
in Chapter 3. A computational ﬂuid dynamics (CFD) solver, acoustic perturbation
equations (APEs), is used to provide the nearﬁeld acoustic solutions. A farﬁeld radi-
ation model solving the Ffowcs Williams and Hawkings (FW–H) integral formulation
provides the farﬁeld noise predictions. A modiﬁed APE formulation based on a more
accurate explanation of enthalpy during the derivation of the APE system is proposed
and discussed in this chapter. The spatial and time advancing schemes used to solve
APEs are introduced. Filtering schemes and boundary conditions used in this work
are also explained.
Chapter 4 uses the compact source model into the slat noise propagation stud-
ies. Simulations of isolated tracks with a rectangular shape and I-beam shape were
carried out to provide information on noise source properties. The eﬀects of the slat
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track system and background ﬂow on the sound propagation radiated by the sources
placed at diﬀerent positions are investigated. This investigation using a compact
source model is a tentative step towards quantitatively studying the aeroacoustics of
a complex conﬁguration with less computational cost.
In Chapter 5, the physical mechanisms of the noise generated in the slat cove
region are studied using CFD simulations and aeroacoustic calculations for a 3-D HLD
geometry with the slat track system. The phenomena of reﬂection and diﬀraction of
sound waves caused due to the presence of the slat track are also investigated.
Based on the ﬁndings obtained through numerical investigations of the slat track
system noise generation and propagation mechanisms, noise reduction treatments are
proposed and discussed in Chapter 6.
Chapter 7 is the last part of this thesis and includes conclusions based on the
simulation results carried out in this work and recommendations for future work.
7Chapter 2
Literature Review
As one of the major airframe noise sources for an aircraft in landing and take-oﬀ
phases, research into noise caused by the slat and its accessories has made impres-
sive progress recently, both experimentally and computationally. In this chapter,
literature regarding the aerodynamics and aeroacoustics of the slat track system is
reviewed including the relevant noise generation mechanisms and farﬁeld noise pre-
dictions. The corresponding computation methodologies and numerical algorithms
are also reviewed.
2.1 Basic Concepts of Sound
Sound is deﬁned as a small pressure variation in air detected by human ears [24].
Sound exposure is usually measured in decibel (dB) of sound pressure level (SPL) to
describe its loudness. The deﬁnation of SPL is given as follows: [24]
SPL = 20 · log10(p
′
rms/pref). (2.1)
where p′
rms is the root mean square (RMS) of the acoustic pressure ﬂuctuations p′,
and pref = 2 × 10−5 Pa in air which corresponds to the threshold of hearing at 1 kHz
for a typical human ear. The hearing threshold of human ears is between 0 and 140
decibels.
The sensitivity of human ears to sound depends on the frequency with small
variation. The human ear can detect sound in the frequency range from 20 Hz to 20
kHz and are most sensitive to sounds between 0.5-4 kHz [25].
Noise is unpleasant, unwanted sound. Figure 2.1 lists the common environment
noise levels. The SPL of an aircraft noise certainly is signiﬁcant higher than 65 dB,
the maximum day-night average sound level in residential communities suggested by
FAA [25]. The health eﬀects of aircraft noise based on large scale statistic data were
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investigated in 2002 [26]. The report concluded there are consistently higher risks
of hypertension for the people living in higher exposed areas. For example, in this
meta-analysis it was found that the relative risk of hypertension due to aircraft noise
was 25% per increase of 5 dB (A) compared the data from the people who have
not been exposed to aircraft noise. This situation urges researchers to provide more
eﬀective solutions to reduce the aircraft noise level.
Figure 2.1: Comparison of typical noise level [2].
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2.2 Experimental Investigation on Slat and Slat
Track Noise
During the landing and take-oﬀ phases of a ﬂight, slats are moved forward to an
intermediate position to extend the eﬀective chord length of a wing, and are also
generally angled downwards to increase the camber in order to provide enough lift
when the aircraft is ﬂying at a low Mach number [27]. The slat extension will cause
a decrease in angle of attack (AOA), thus it is allowed the wing to operate at a
higher AOA. In the deployed position, the slats and slat tracks are exposed to air.
These components are not as streamlined in cruise condition. This change in wing
geometry induces more complex ﬂow around the wing and unsteadiness within the
ﬂow generates noise. The excessive complexity in whole aircraft geometry limits the
application of reliable computational noise prediction methods. At present, noise
predictions and new aircraft designs still rely heavily on experimental tools, which
intend to:
• identify noise sources;
• provide databases to develop noise prediction models;
• develop and assess reliable noise control measurements.
Both aerodynamics and aeroacoustics of the slat have been exploited and its noise
generation and propagation mechanisms are investigated in depth. Using particle
image velocimetry (PIV) in their experimental study, Takeda et al. [28] reviewed the
nature of the unsteady ﬂow in the slat cove. The ﬂow separates at the slat cusp and
forms a thin shear layer between the recirculation region and the main ﬂow. The
unsteady shear layer cascades into discrete vortices. Vortical structures with high
kinetic energy roll up and are convected downstream through the gap between the
slat and the main element to re-energize the ﬂow on the suction surface of the main
element. Those with low kinetic energy are enveloped by the shear layer trajectory
and trapped in the cove. Vortices that escape the recirculating zone are convected
past the slat trailing edge then interact with the wake of the slat further downstream.
Noise generated by a complicated ﬂow around a slat described above is identiﬁed
primarily broadband, but accompanied by multiple narrow band, tonal peaks. Figure
2.2 shows a generic slat noise spectrum for the approach to land condition. The
universal Strouhal scaling is based on the slat chord length cs and the Free-stream
velocity U∞ revealed by previous acoustic measurements. [3, 23, 29]
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Figure 2.2: A generic slat acoustic spectrum based on Strouhal frequency [3].
Experiments at the University of Southampton [28, 30] using PIV, laser Doppler
velocimetry (LDV), hotwire anemometer, ﬂush mounted microphones and pressure
taps obtained the ﬂow ﬁeld acoustic spectra in the slat cove region for a two-dimensional
(2-D) three-element scaled aerofoil model with a mean chord of 0.764 meters. Two
distinct peaks were found at 9 kHz and 15 kHz which correspond to the vortex shed-
ding from the slat cove cusp and trailing edge respectively. Similarly, Storm et al.
[23], based on experimental data from the National Aeronautics and Space Admin-
istration (NASA) Ames research centre using a scaled model with a mean chord of
0.76 meters found that the noise spectrum exhibit high noise levels between 10 kHz
and 22 kHz with a centre frequency of 15 kHz which shows a good match of Takeda’s.
More recent research by Dobrzynski et al. [13] revealed that the high frequency noise
between 10–20 kHz (St ∼ 10, based on the chord length of slat) is dominant near
the slat trailing edge of a 1/10th scaled 2-D HLD model (c=0.58 meters). A feedback
loop between the boundary layer instability and the slat trailing edge noise was pro-
posed to be responsible for the generation of this tonal noise [31, 32]. The instability
waves, Tollmien–Schlichting (T–S) waves, are excited when the boundary layer over
the slat suction surface undergoes transition to turbulence state. When they are
rapidly evolve into vortices and shed oﬀ the slat trailing edge, they induce strong
pressure perturbations behaving like a dipole source. This sound propagates both
upstream and downstream and excites the instability wave in the boundary layer
over the slat through a receptivity process.
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Besides the high-frequency tonal noise, broadband noise is also a major component
of the slat noise. The broadband spectrum occurs at Strouhal number between 1 and
4 based on slat dimension [13]. Phased microphone array experiment on a 4.7% scaled
model of a McDonnell Douglas DC-10-30 transport aeroplane proved the existence of
broadband sources between 5 kHz and 12.5 kHz [33].
Results from experiments indicate that the slat noise depends on the slat setting
and geometry. The research by Olson et al. [34] showed that properties of high
frequency tones originating near the slat trailing edge change with variations of the
angle of the slat (AOS). A narrow-band tonal peak appears at AOS of 30◦ when the
ﬂow inside the cove is in a transitional state from laminar to turbulent ﬂow. However
no such tonal noise was observed in the full-scale aircraft noise experiments [35]. One
explanation for this is that the ﬂow in the slat cove is fully turbulent due to the high
Reynolds number in full-scale aircraft experiments. Therefore no such a transition
state exists to trigger the tonal noise. The high frequency tone is also found to
be slat gap dependent. Diﬀerent gap settings reveal the diﬀerent noise generation
mechanisms. When the slat gap is narrowed down suﬃciently, the feedback loop
between the generated sound and the T–S waves excited in the boundary layer on
the slat suction surface cannot be created. This may result in the high frequency
tonal noise diminishing [28].
Recently, the noise contribution from the connecting components between the
slat and the main element has been attracting more research focus. The experiments
in DLR proved that ﬂow over the slat track and the main element leading edge
cut-out generates broadband excess noise [13]. Researchers in the Japan Aerospace
Exploration Agency (JAXA) [15] demonstrated that the contribution from the slat
tracks is signiﬁcant. An increment in noise level of 10 dB was found for each of the
frequencies concerned. However the mechanism of the generation of slat track noise
has not yet been discussed in depth.
Experimental approaches taking advantage of the latest measurement techniques,
such as wind tunnel noise tests using phased microphone arrays, may reveal valuable
information on the ﬂow phenomena and parametric trends of the noise. Experimental
data may also quantify the contributions of each component to the overall noise
level and provide guidance for new aircraft design. However, there are still a lot of
uncertainties and limitations in the measurement of slat noise. For example, wind
tunnel background noise makes it diﬃcult to use standard free ﬁeld microphones
for noise measurements. Models may not be properly scaled for some geometric
details, thus increasing uncertainties when developing prediction models. In addition,
failing to decouple the slat from other airframe components in the ﬂow ﬁeld makes
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the aerodynamic and aeroacoustic investigation of the slat more challenging [36].
Generally speaking, experimental methods can only give limited guidance towards
the eﬀect of new concepts of a design or new conﬁgurations. Therefore, slat noise
investigation needs to follow an approach that uses both traditional experimental
methods and the latest computational techniques. Computational modelling based
on the understanding of ﬂow physics has become an active research area in recent
years.
2.3 Computational Research on Slat and Slat Track
Noise
Improved understanding of slat noise generation mechanisms has already been achieved
using computational research. As the primary airfoil noise source at low Mach num-
bers, slat noise is found to be related to the interaction between large-scale energy-
containing ﬂow structures and the solid surfaces of the slat. Vortex shedding oﬀ the
slat blunt trailing edge was proposed as one of the major noise sources responsible
for the tonal peak in the acoustic spectra at high frequencies [37]. Later Makiya et
al. [38] explained this slat trailing edge tonal noise generation in more details. As the
ﬂow Reynolds number increases, Von K´ arm´ an vortex streets forming near the slat
trailing edge develop into counter-rotating vortices. These strong vortices generate
strong noise close to the trailing edge. It is also believed that there is a feedback loop
that the noise periodically generated by vortices shed from the slat trailing edge is
intensiﬁed by the diﬀraction and radiation of the slat and is fed back upstream to
excite the boundary layer instabilities. This feedback process could be the key mech-
anism behind the tonal noise produced near the slat trailing edge. The unsteady
shear layer from the slat cusp is identiﬁed as another important noise source [22, 39].
The growing disturbances at the slat cusp travel along a curved path towards the
main element leading edge and roll into discrete vortices in the cove region, which
are believed to be responsible for the low frequency noise with frequencies between 1
kHz and 5 kHz depending on the diﬀerent models.
Eﬀects of the slat setting on slat noise were also investigated computationally.
Firstly, simulation results show that the noise is AOA dependent [13, 40, 41]. Khor-
rami et al. [40] compared acoustic spectra at three angles of attack: 4◦, 6◦ and 8◦
and found that acoustic pressure amplitudes in the low frequency region decrease
substantially with the AOA increasing. However the high frequency tonal noise did
not show signiﬁcant changes. The earlier simulations [22, 39] proved that the low
frequency broadband components of slat noise are linked to the ﬂow oscillations in
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the slat cove region. Because the slat cove ﬂow becomes less turbulent with the AOA
increasing, the slat noise at low frequencies decreases [30]. However as the AOA keeps
increasing to a certain value, the boundary layer on the slat suction surface becomes
unsteady and radiates more noise resulting in increased slat noise levels [41]. Sec-
ondly, the geometry eﬀect is observed in computational simulations [3, 42]. The gap
between the slat trailing edge and the main element leading edge has a strong eﬀect
on the high-frequency tones. In Emund and Fischer’s research [43], they noticed the
power-spectral density (PSD) is widened with reduced levels as the slat gap width is
increased. Khorrami et al. [37] proposed that a feedback mechanism exists in the gap
between the slat and the main wing for the high frequency tones. Later a slat gap
resonance conjecture was investigated by Hein et al. [44]. They believed that when
the shedding frequency at the trailing edge of the slat matches one of the transverse
resonance frequencies in the gap region between the slat and the main wing, a tonal
noise is generated. Through changing the overlap between the slat and the main
wing, they found a strong inﬂuence from the slat geometry on the high frequency
resonances. Thirdly, the investigation by Lockard et al. [45] focused on the eﬀect of
Mach numbers and Reynolds numbers. Their results indicate that amplitude changes
are only linked with Mach number variations within the range between 0.13 and 0.25,
no signiﬁcant inﬂuence is observed due to increment of Reynolds numbers from 1.4 to
2.4 million. As the noise contribution of the slat track has attracted more and more
attention of researches, CFD approaches was introduced to study this complicated
conﬁguration. In khanal’s work [17], eﬀects of a slat track on noise propagation was
investigated. It was found that the existence of the slat track has signiﬁcant inﬂuence
on high frequency noise. The noise propagating path and amplitude are modiﬁed due
to the existance of the slat track.
So far, good agreements between experimental results and computational simula-
tions shed light on identifying the sources of slat noise and its aerodynamic mecha-
nisms. A more thorough understanding of the interaction of slat related noise with
its connecting components and the eﬀect of the slat conﬁguration on noise generated
by other sources is expected in the future.
2.4 Slat Noise Reduction Approaches Review
Studies on airframe noise can go back to the 1970s and are mainly dedicated to
edge noise attenuation [18]. Diﬀerent techniques are applied to reduce slat trailing
edge noise, such as brushes [46, 47], serrated trailing edge [48], and porous material
[49, 50]. These techniques are based on impedance adjustment by matching the edge
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boundary conditions to free air or modifying the “scattering centre” by changing the
edge contour. The characteristics of some acoustic absorption materials were also
utilized to reduce the slat noise. These approaches have achieved signiﬁcant tonal
noise reduction. However, appropriate installation is required to avoid degrading
aircraft performance.
Noise from the slat cove has been proved as broadband noise [13, 22, 39]. It can
be mitigated by changing the aerodynamic characteristics of the slat cusp shear layer.
For example, installing slat cove cover [35] or using extended blade slat [3] can reduce
noise levels by delaying or altering the slat cusp shear layer formation. However these
two treatments are diﬃcult to implement in practice as the slat is required to be re-
treated back into the wing. Also, these changes modiﬁes the characteristics of the
slat cusp shear layer and weakens the strength of the vortices [3]. Recently acoustic
liner has been proposed as a promising approach that can eﬀectively attenuate noise
without aﬀecting the aerodynamic performance of HLDs. Related experimental and
computational studies about liner proved that it can be used to attenuate the gen-
erated noise such as slat noise [51]. The acoustic liner applied on the surfaces acts
as an damper to reduce sound energy by increasing acoustic impedance. However
acoustic liners in the form of Helmholtz resonator arrays are only eﬀective within a
narrow frequency range.
Expensive eﬀorts in slat noise reduction have been made aimed at optimizing
current aircraft design. Based on the understanding of slat noise from experimental
results, possible noise reduction approaches have been tested. For example, in the
EU-Project SILENCER [4], several slat noise reduction concepts were proposed and
tested. For the high frequency tonal noise, a combination of noise-wise optimal
slat modiﬁcations was proposed with ﬂexible brushes at the trailing edges, slat horn
brushes and brush “seal” at the outer slat junction, these measurements obtained
a 2 dB overall noise reduction. However the eﬀectiveness of such treatments may
degrade the high-lift aerodynamic performance. The appropriate treatment design
and installation must be carefully chosen. Recently, a chevron slat tested by Kopiev
et al. [52] is found perspective to reduce the swept wing narrow band tonal noise
within an acceptable aircraft performance penalty.
When considering the noise problems of HLDs, broadband noise is much more
diﬃcult to control than tonal noise. The ﬁrst add-on devices were tested in a wind
tunnel in 1995, Dobryznski et al. [35] applied a slat-cove cover on an A320 scaled
aircraft model. A broadband noise reduction of 2 dB with reference to the overall
aircraft airframe noise level was achieved. Similar noise reduction approaches were
investigated at Boeing. The full-scale test with the “bulb” and “blade” covers [3]
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proved that the cover can eﬀectively attenuate the broadband noise in the slat cove
region. The respective underlying mechanisms revealed that the cove cover acts to
stabilize and/or eliminate the vortices developed from the shear layer within the cove
and further attenuate the radiated noise by delaying or removing the formation shear
layer in some measure. However, the slat must be withdraw into the wing. A ﬁxed
shape cover is not applicable for a real wing conﬁguration.
Since the contributions to airframe noise from the slat track system have been
recognized, various relevant reduction approaches for the slat track noise have been
tested. The full scale A320 wing-section experiment by Dobrzynski et al. [35] in
DNW proved that excess broadband noise originating from the ﬂow over slat tracks
and cavities in the wing leading edge. A noise reduction test was carried out on a full
scale wing section of an Airbus A320 by sealing the slat track cut-out on the main
element leading edge. The noise A-weighting level is decreased approximately 2 dB in
the frequency range from 1 kHz to 7 kHz as shown in Figure 2.3 [5]. Reichenberger’s
[5] design of a combined streamlined slat track and track opening fairings reduced
overall aircraft noise by 4 dB by decreasing the scattering eﬀect of ﬂow separation
at the connecting edges and attenuating cavity noise generated by the openings. In
the SILENCER project, improved slat track fairing (Figure 2.4) and speed tape were
applied to change the track surface roughness, and reduced the noise level in the slat
region by about 2 dB [4].
Figure 2.3: Acoustic treatment with cut-out sealed [4].
Currently, HLD noise reduction through add-on means for conventional slats or
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modiﬁcation of edge boundary conditions often suﬀers from the corresponding degra-
dation of aircraft aerodynamic performance. Some of the proposed attenuation tech-
niques are limited by installation or structural movement constrains. The demands
for CFD and CAA tools to perform more eﬀective and accurate calculations to aid
new airfoil design increase.
Figure 2.4: Acoustic treatment with the slat track fairing [5].
2.5 Computational Methodology
CAA has played an important role predicting and modelling airframe noise, and with
the rapid growth of computing power and development in optimizing computational
schemes, its role will be even more prominent in the future.
The development of CAA techniques largely depends on the utilization of the
relatively mature CFD methods. CAA is related to CFD in the sense that they both
solve Navier–Stokes (N–S) equations and can be used to analyze the unsteadiness
generated by ﬂuid ﬂow. CAA is concerned with the time-dependent small perturba-
tions of acoustic waves that wide range of frequencies and diﬀerent scale orders are
involved. while CFD is mostly used to solve time independent problems or resolve
hydrodynamic unsteadiness which is several order of magnitudes higher than acoustic
waves.
A complicated CAA problem can be solved using various approaches and nu-
merical techniques. Diﬀerent numerical methods for solving unsteady ﬂow ﬁelds can
be used, such as direct numerical simulation (DNS), large-eddy simulation (LES),
detached-eddy simulation (DES) and unsteady Reynolds averaged Navier–Stokes(URANS)
methods. In addition, a hybrid method, a combination of CFD and acoustic tech-
niques has been widely accepted for practical cases [53]. A simple sketch is plotted to
explain the hybrid method as shown in Figure 2.5. In a hybrid approach, a dedicated
CFD tool is ﬁrst employed to calculate the aerodynamic noise sources. Secondly,
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the acoustic sources obtained are then fed into the acoustic solver to simulate the
propagation of sound waves based on one of the following method: FW-H equations,
Kirchhoﬀ method, linearized Euler equations (LEEs) or APEs. Numerical approaches
for turbulence and radiation models are brieﬂy reviewed in this section.
Figure 2.5: A sketch of hybrid method.
2.5.1 Turbulence modelling
2.5.1.1 Direct numerical simulation
DNS is an expensive and mathematically appealing tool that solves the N–S directly
without turbulence modelling. It normally requires the use of high-performance com-
puters with parallel programmes. DNS can capture all the detailed information of
complicated turbulent ﬂow in the process of transition such as turbulence, transition
to turbulence and the propagation of acoustic waves. However, the main technical
challenges of DNS remain the computational resources and requirement of simula-
tion duration. In general, the frequency range of the spectrum is widened with
increasing Reynolds number. Basically, large scales contain most of the energy and
are responsible for the generation of turbulence, while small scales get energy from
large scale vortical structures through energy cascade. Although small compared to
large vortices, they are still very important especially where acoustics is concerned
as sound wave has a wide frequency range. It becomes diﬃcult to calculate all the
scales from the largest to the smallest vortices. This makes DNS only suitable for
ﬂows with moderate Reynolds numbers and relatively simple geometries. Examples
include the mixing layer of Colonius et al. [53]; 3-D simulations at low Reynolds num-
ber (Rej = 2000) of Fruend et al. [54] and Freund [55] for supersonic and subsonic
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jets; 3-D NACA-0006 and NACA-0012 airfoil self-noise simulations of Sandberg and
Jones [56] in low Reynolds number ﬂows (Re = 50000).
In a complicated unsteady ﬂow, turbulent structures, which produce noise, have
multiple scales and high energy. Calculating such a ﬂow covering a wide range of
length scales but small amplitudes is still a challenge for DNS.
2.5.1.2 Large–eddy simulation
Compared with DNS, LES is a relatively “cheaper” method, in the sense that its
computational cost being less. The computational cost for a subsonic turbulent jet
providing both ﬂow ﬁeld and acoustic ﬁeld data was estimated [57] and showed the
total cost of an eﬃcient numerical algorithm via DNS is proportional to Re3/M4,
however, dropping to Re2/M4 for LES. This is because LES only resolves the energy-
containing large eddies while small dissipative scales are modelled. The compensation
for the unresolved turbulent scales is through the addition of an “eddy viscosity” into
the governing equations via sub-grid scale (SGS) models.
LES requires less computational eﬀort than DNS but more eﬀorts than methods
solving the URANS equations. When a ﬂow involving separations or acoustic pre-
diction is required, LES is able to oﬀer more accurate results than URANS which is
highly model dependent [58].
LES can be used for higher Reynolds number cases than DNS. The Reynolds
number of simulations carried out for a subsonic round jet by Bogey et al. [57] is up
to Rej = 65,000. Wang and Moin [59] used LES to calculate turbulent boundary-
layer broadband scattering noise by an asymmetrically bevelled trailing edge of a ﬂat
strut at a Reynolds number of 2.25 × 106, which is higher than what could possibly
be aﬀordable in DNS and much closer to practical problems. LES provides a more
accurate solution for engineering problems than RANS. In more recent research, a
numerical study comparing RANS and LES models on a circulation control airfoil
with a Reynolds number of 2.24 × 106 was done by Rumsey and Nishino [60]. Their
results proved that LES could predict a more accurate ﬂow separation location than
RANS.
Due to the requirement of LES for a very ﬁne grid resolution of a thin bound-
ary layer with preferably homogeneous cells using LES, the cost of simulating such
a ﬂow is usually still high, especially at high Reynolds numbers. In practice, zonal
approaches are often adopted with RANS in the near wall region to reduce the large
computational resources required while LES is used throughout the rest of the com-
putational domain [61].
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2.5.1.3 Detached–eddy simulation
DES is a combination of two CFD methods: RANS and LES. DES is designed to re-
duce the calculation cost further and was initially formulated for the Spalart–Allmaras
(S–A) model [62]. DES can be implemented with other RANS models by appropri-
ately modifying the length scale which is either explicitly or implicitly involved in
various RANS model. The cost of DES is determined by how much the LES model is
involved. In the region close to solid boundaries where the turbulent length scales are
smaller than the maximum grid spacing, RANS mode is assigned. As the turbulent
length scales exceed the grid dimension, the model switches to LES in regions with
the resolution ﬁne enough for LES calculations.
DES is a coupling technique that can provide a single smooth velocity ﬁeld across
the RANS and LES regions of the solution. However the initial DES formulation
proposed in 1997 may display incorrect behaviour in the thick boundary layers and
shallow separation regions due to the grid spacing dependence and premature switch
to LES within boundary layers [63]. Delayed DES (DDES) is an improved version of
ﬁrst generation DES which avoids modelled–stress depletion (MSD) in the attached
boundary layer by reﬁning the length scale to ensure the transition of RANS to LES
is independent of grid spacing. The simulation of DDES for the stalled NACA 0012
airfoil [64] shows that the delayed LES function facilitates DDES to preserve almost
fully the eddy viscosity even with a high-skewness grid that makes DES experience
MSD.
An improved DDES (IDDES) [65], which uses new a sub-grid length-scale, has now
been developed. The length scale used in DES and DDES only involve grid-spacings
and are unlikely to have a seamless shift from RANS to LES. IDDES combines two
models, DDES and wall-modelling in LES (WMLES), and switches between them
according to inﬂow conditions. When the inﬂow contains turbulent content and
the grid has enough points to resolve the boundary layer, the WMLES model is
switched on. Otherwise the DDES is activated. This new approach creates a smoother
transition between the modelled log layer and the resolved log layer which is supposed
to provide more accurate results.
The DES system including DES, DDES and IDDES is a computationally feasible
approach for the unsteady ﬂow around a complex geometry at high Reynolds num-
bers. DDES which is availble in FLUENT DES package was employed in this work
to simulate the slat track system noise.
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2.5.1.4 RANS and URANS
RANS and URANS do not require large computational resources but are limited in
their ability to capture the detailed time variation of ﬂuctuating components properly
[66]. They calculate time-averaged solutions to the N–S equations based on their
knowledge of turbulence properties. URANS assumes that the time averaging is only
taking place over a short time period, thus low frequency unsteady ﬂow phenomena
can be simulated using URANS methods. Khorrami et al. [22, 40] used URANS
to calculate the ﬂow around the slat and captured the dominant frequencies of the
acoustics spectrum attributed to the slat noise.
2.5.2 Radiation models
2.5.2.1 Point sources
If the radius of the spherical sound source is much smaller than the wavelength of
the sound waves it emits, this source can be treated as “point source” [67]. There are
three typical point sources with diﬀerent directivity of radiation: monopole, dipole
and quadrupole. A simple introduction is given below.
A monopole source is usually associated with the displacement of the ﬂuid due
to the acceleration of a moving body [6]. A monopole source radiates sound waves
equally in all directions by rhythmically expanding and contracting as shown in Fig-
ure 2.6 (a). A simple example of monopole source is a loudspeaker with rear closed
box. The dimensions of the box in any direction are small compared to the wave-
length. A dipole is generally produced by oscillating forces acting on a solid surface.
It can be modelled as two monopoles of equal strength separated by inﬁnite short
distance (Figure 2.6 (b)). These two monopoles have the same frequency but opposite
phases. An open-back loudspeaker that radiates sound equally forwards and back-
wards forms a dipole. The directivity of a dipole shows that the sound waves radiate
mainly along its axis which is aligned with the main radiating direction but are can-
celled along the direction normal to its axis. Two dipoles consists of a quadrupole. A
quadrupole is classiﬁed by the position of the two dipoles placed. These two dipoles
are either arranged along the same line with alternating phase which form a longi-
tudinal quadrupole or a cube with opposite corners and oscillating inopposite phase
which is a lateral quadrupole. [6] as shown in Figure 2.6 (c) and (d).
For a ﬂow-induced/generated sound system, the acoustic ﬁeld can be generally
described as solutions of wave equation by these acoustic sources: monopole, dipole
and quadrupole [68]. For example: an unsteady mass vibration can be modeled by a
monopole source; an unsteady force divergence may be mimiced by a dipole source;
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the ﬂuctuating Reynolds stress of a ﬂuid and generated sound waves is related with
the quadrupole source. A superposition of these sources composes of a hydroacoustic
system.
(a) monopole (b) dipole
(c) lateral quadrupole (d) longitudinal quadrupole
Figure 2.6: Theoretical directivity patterns for far-ﬁeld sound pressure levels radiated
from a point source. [6]
2.5.2.2 Acoustic analogy approaches
Direct calculation of noise is infeasible for ﬂows at high Reynolds numbers. In many
engineering problems, a hybrid approach is used which consists of both a CFD and
an acoustic solver, separating the treatments of noise generation from noise propa-
gation. A variety of computational methods are available to utilize the near ﬁeld
ﬂow information obtained via various CFD methods for far ﬁeld prediction. The
classic acoustic analogy was proposed by Lighthill [69], who decoupled the calcu-
lation of acoustic propagation from unsteady ﬂow and noise assumed that sound
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waves are dynamically generated by equivalent acoustic sources (monopoles, dipoles,
quadrupoles). Thus their propagation to the far ﬁeld is governed by an inhomoge-
neous wave equation driven by equivalent sources according to the understanding of
the noise-source mechanism. Lighthill’s acoustic analogy in terms of acoustic pressure
is given as follows in Equation (2.2).
✷
2p(x,t) =
∂2 Tij
∂ xi∂ xj
, (2.2)
where ✷2 is the wave operator, and ✷2 = 1
c2
∞
∂2
∂ t2−∇2 and Tij = ρui uj+Pij−c2
∞ ρδij is
the quadrupole acoustic source and can be obtained from calculations of the unsteady
or turbulent ﬂow ﬁeld. Pij = pδij −τij is the compressive stress tensor with τij being
the viscous stress tensor. δij is the Kronecker delta, whose value is given as δij = 1
when i = j, otherwise δij = 0. p′ is the acoustic pressure and c∞ is the sound speed
of the undisturbed acoustic medium.
Curle [70] extended the Lighthill theory to consider the eﬀect of solid surfaces by
adding a surface source into the solution. The improved Lighthill theory proposed
by Curle’s exact solution may be expressed in the following form as
✷
2p
′(x,t) =
∂2Tij
∂ xi∂ xj
−
∂
∂ xi
(ℓi δ(fs)), (2.3)
where ℓi = Pij + ρui(ui − vj). Dirac delta function δ(fs) = 1 on the solid surface
where fs = 0. This solution explains how the presence of solid boundaries aﬀect the
acoustic propagation in the far ﬁeld in the following two ways.
1. In the acoustic ﬁeld, the sound produced by quadrupole sources based on
Lighthill’s theory is only distributed over the region extending to the solid
surfaces.
2. Sound will be reﬂected and diﬀracted by solid surfaces where f = 0 resulting
in external forces appearing between the ﬂuid and the solid surfaces. This
applied force corresponds to dipoles which is distributed on the solid surfaces
and radiate noise outwards.
The Ffowcs Williams and Hawkings [71] further developed Lighthill and Curle’s
theory to calculate the acoustic ﬁeld radiated by turbulence in the presence of ar-
bitrarily moving surfaces. The continuity and N–S equations were re-arranged and
converted them into an inhomogeneous wave equation with one volume source term
(quadrupole) and two surface source terms (dipole and monopole) [72]. Although the
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volume source is important for understanding the mechanism of turbulence genera-
tion, using the quadrupole source for sound ﬁeld calculation requires more compu-
tational resources to store the volume source data at each time step and to perform
volume integration. A more eﬃcient way to use the FW–H equation for radiated
sound prediction is to carry out surface integration only. In this approach the in-
tegration surface needs to be placed far enough to include all quadrupole sources
assuming that the contribution from quadrupole sources outside the integration sur-
faces is negligible. Hence the radiated sound towards far ﬁeld comes mainly from
surface sources. Because this project is investigating noise propagation when a aero-
plane is moving in the air. The FW–H solver more suitable for this work and more
details are explained in the next chapter.
The Kirchhoﬀ formulation [72] is another approach for studying the wave prop-
agation to the far ﬁeld. In Kirchhoﬀ’s equation, the sources are distributed on a
ﬁctitious surface so this approach avoids the integration of volume sources. Without
integration of the volume term and with only calculation of the surface noise, the
Kirchhoﬀ method has been used for the prediction of transonic rotor noise for many
years. However, limitations determine that the Kirchhoﬀ method cannot be used as
widely as compared with FW–H approach. [72].
1. The Kirchhoﬀ surface must be placed far enough away from the source region
to assure the sound propagation is linear outside of the surface. However the
linear region is not well deﬁned. At the same time the input quality of a CFD
solution typically declines further away from the body where the resolution is
usually reduced. Hence the Kirchhoﬀ approach is a relatively compromised
approach.
2. Each source term in the FW–H equation has physical meaning: the thickness
noise (monopole source) is determined by the geometry and motion of a object;
the loading noise (dipole noise) is generated by the force that acts on the ﬂuid in
the presence of the bodies; the quadrupole sources are related to the nonlinear
eﬀects. These three source terms are interdependent physically but independent
numerically However, the Kirchhoﬀ equation fails to isolate the diﬀerent kinds
of noise source so it provides little guidance for noise reduction design.
According to the requirements of calculation eﬃciency, physical perspicuity, ac-
curacy and robustness, the FW–H equation is a more generally useful model for form
of the acoustic analogy. This study used the FW–H solver to calculate the farﬁeld
radiated sound. More details on the method, including equations, Green function
and approaches to perform surface integrations, are discussed in next chapter.
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2.5.2.3 Linearized Euler equations
As a naturale extension to Lighthill’s theory [73], linearized Euler equations (LEEs)
utilize the fact that acoustic components are small unsteady perturbations upon
a steady mean ﬂow. LEEs are able to provide accurate solutions by only dealing
with sound perturbations. In LEEs the sound waves refraction eﬀects introduced by
the mean ﬂow are also taken into account. This may cause the instabilities to be
convected downstream. The 2-D conservative form of LEEs is as follows: [74]
∂ U
∂ t
+
∂ E
∂ x
+
∂ F
∂ y
+ H = S, (2.4)
where U is a vector for primary variables, and E, and F are the ﬂux vectors. H
contains terms related to the gradients of the mean ﬂow, which are equal to zero
when the mean ﬂow is uniform. The vector S represents possible unsteady sources in
the ﬂow.
The vectors U, E, F, H and source S are given respectively as follows:
U =





ρ′
¯ ρu′
¯ ρv′
p′





, (2.5)
E =





ρ′u′ + ¯ ρu′
¯ u¯ ρu′ + p′
¯ u¯ ρv′
¯ up′ + γ¯ pu′





, (2.6)
F =





ρ′v′ + ¯ ρv′
¯ v¯ ρu′
¯ v¯ ρv′ + p′
¯ vp′ + γ¯ pv′





, (2.7)
H =






0
(¯ ρu′ + ρ′ ¯ u)
∂ ¯ u
∇x + (¯ ρv′ + ρ′ ¯ v)
∂ ¯ u
∇y
(ρu′ + ρ′ ¯ u) ∂ ¯ v
∇x + (ρv′ + ρ′ ¯ v) ∂ ¯ v
∇y
(γ − 1)p′ ∇ · ¯ u − (γ − 1)u′ · ∇ ¯ p






, (2.8)
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and
S =





0
S1
S2
0





. (2.9)
Time-domain LEE solvers can produce a stable solution in some instances, for
example, when the mixing layers develop suﬃciently rapidly for the growth of the
Kelvin–Helmholtz (K–H) instabilities to be controlled by the spreading eﬀect. How-
ever, in cases, LEEs fail to prevent the growth of these instabilities that are usually
suppressed by viscosity and non-linear eﬀects.
In general, an inﬁnitely thin shear layer in an inviscid ﬂow is unstable according
to classical theories [75]. As a result, the K–H instability can appear [76]. The
fundamental cause of the K–H instability is the viscous eﬀect. The instabilities appear
either in a shear layer or near rigid surfaces and become stronger when the shear
layer is thinner. Physically, no instability modes are able to grow indeﬁnitely, they
are usually controlled by viscous and non-linear eﬀects. However the viscous terms
are ignored in the LEEs it is debatable whether such numerical vortical instabilities
as K-H instability are physical or not.
Various approaches have been tried to resolve this issue. APEs [77] derived from
the N–S equations ﬁlter the non-acoustic perturbation out to avoid the vortical in-
stabilities being convected by the mean ﬂow. In fact, a compromise was made in
APE-IV which uses ﬂow ﬂuctuations to directly replace the acoustic perturbations to
avoid solving the Passion equation. The eﬀect of vortex-mean ﬂow interaction still
exists which can excite globe instabilities. This issue can be solved by the linearized
divergence equation (LDE) approach, which calculates acoustic sources by solving
the Passion Equation [78]. Another way to eliminate the K–H instability is to solve
linearized equations in the frequency domain. Agarwal [79] successfully solved lin-
earized equation in the frequency domain without contamination of the solution. In
a recent work, ¨ Ozy¨ or¨ uk [80, 81] investigated this matter by solving the LEEs in the
frequency domain without suppressing the gradient terms. The physical aeroacoustic
radiation processes have been fully captured through the frequency-domain solutions
to the LEEs. The simulations were carried out for a short and a long cowl experimen-
tal model of exhaust nozzles with and without mean ﬂow and at various frequencies.
His results show that the spatial instability waves still exist along the bypass duct
shear layer for some test conditions despite the fact that a frequency-domain solver
has been used. These studies indicate that inclusion of the gradient terms has an
observable but small eﬀect in the far ﬁeld, so long as the target in-duct azimuthal
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mode remains dominant as it radiates to the far-ﬁeld.
2.5.3 Compact source model
Predicting HLD noise numerically for engineering applications is very diﬃcult due to
the high Reynolds numbers and complex geometries as well as the nature of sound
waves. Acoustic perturbations are several orders of magnitude smaller than aerody-
namic ﬂuctuations. For a particular ﬂow, there exists certain ﬂow mechanisms which
dominate the noise generation. Therefore, it would be more practical to study these
major noise sources in particular regions than to try to capture all the noise sources
in the whole ﬂow ﬁeld. A compact source model was ﬁrst proposed by Dobrzynski et
al. [29] in an attempt to separate the problem of sound propagation from sound gen-
eration. As an indirect approach, the procedure to use the compact source model is
as follows: ﬁrstly, this approach considers the mean ﬂow convection and solid surface
diﬀraction of HLDs. A steady mean ﬂow ﬁeld was obtained by solving the RANS
equations for the speciﬁed conﬁgurations. Secondly equivalent compact sources are
used to model the slat noise sources to study sound wave propagation. The near ﬁeld
sound propagation is calculated by solving APEs or LEEs and the far ﬁeld acoustics
are predicted via the FW–H method proposed by Farrasat [72].
The compact source model is a prospective approach to predict noise using lin-
earized methods with low calculation cost.
2.6 Numerical Algorithm Review
CAA techniques attempt to predict sound propagation to the farﬁeld at less compu-
tational cost but still high accuracy. For example, due to the diﬀerences between the
physics of wave propagation and the aerodynamic characteristics of the ﬂow ﬁeld, us-
ing traditional low-order CFD schemes to represent the propagation of waves requires
at least 20 points per wavelength (PPW) to reduce the dispersion and dissipation for
sound waves [82]. When the problems involve radiations, the computational cost
for acoustic problems with traditional CFD schemes would be high due to the large
number of cells required to include the acoustics. To reduce the computational cost,
CAA uses high-order numerical schemes that can resolve waves accurately with fewer
PPW. In this section some widely used spatial discretization schemes for CAA are
discussed.
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2.6.1 Dispersion–relation–preserving schemes
Acoustic waves is isotropic, non-dispersive and non-dissipative in nature. However,
sometimes artiﬁcial dissipation terms are deliberately added to CFD schemes to im-
prove numerical stability. In some cases, simulations can provide stable solutions
but cannot guarantee whether the wave propagating characteristics are preserved es-
pecially at high wave numbers when the resolution is low where the grid becomes
coarser compared to ﬂow scale. Optimized schemes were developed to ensure the
necessary accuracy and wave propagation properties for acoustic calculation with
minimal spatial resolution.
The dispersion-relation-preserving (DRP) method for second-order central ﬁnite
diﬀerence schemes was ﬁrst proposed by Tam and Webb [83]. Rather than truncat-
ing Taylor series in real space to minimize errors, DRP optimizes the ﬁnite diﬀerence
approximations of the spatial derivatives in the wave number space by sacriﬁcing the
scheme’s formal order of accuracy in favour of lower dispersion at smaller wave num-
bers. Hence the same dispersion relations as the original partial diﬀerential equations
for larger wave number ranges are kept including wave propagating characteristics
and the wave speeds as those of the solutions of Euler equations. However the dis-
persion relations can be preserved only for waves that can be resolved properly with
at least four grid points.
2.6.2 Compact schemes
The development of modern CAA schemes requires that the numerical spatial deriva-
tives of ﬂow variables must be highly accurate with the grid points as few as possible
to resolve each wave, so that the eﬃciency of the calculation can be improved.
Lele [84] presented and analyzed a class of high-order compact schemes for space
discretization and introduced the notion of resolution eﬃciency. Later, high-order
compact schemes were developed and applied to solve Euler and N–S equations by
Ekaterinaris [85].
Usually, explicit schemes employ large computational stencils to compute the
numerical derivatives directly. However, the compact scheme [86] can use smaller
stencils to obtain the same order accuracy by solving a matrix for the numerical
derivatives along a grid line. This approach split the implicit coeﬃcient matrix into
two independent upper and lower matrices, which are easily inverted to simplify
the calculation. Compared with the explicit schemes, compact implicit schemes use
smaller stencils to compute a coeﬃcient matrix for numerical derivatives with even
more accuracy. However the stability and accuracy of Hixon’s prefactored compact
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scheme depend on the performance of the boundary stencils.
2.6.3 Optimized prefactored compact schemes
Ashcroft and Zhang [87] put forward an optimized prefactored compact scheme based
on traditional compact schemes.
The coeﬃcients of the stencils are selected based on their dispersion and dis-
sipation characteristics, using Fourier analysis and the concept of a numerical wave
number. This optimized scheme yields improved dispersion characteristics with small
stencil support compared to the standard compact schemes and DRP, which is more
suitable for high-resolution numerical simulations.
2.7 Summary
This chapter reviewed the progress of the slat and the slat track system noise research.
Details of the slat noise generation mechanisms have been summarized. Noise reduc-
tion approaches for the slat noise have been discussed. This literature review has
revealed that there is a lack of understanding of the aerodynamics and aeroacoustics
of the slat track system including the track, track joint and the main element leading
edge cut-out. The objective of this work is to investigate the noise generation mech-
anisms for HLDs when the slat track system exists. Commonly used computational
approaches were brieﬂy reviewed. The details of the methods employed in this work
will be discussed in the next chapter.
29Chapter 3
Numerical Approaches
Identifying noise sources and simulating sound propagation is the central aim of CAA.
This research focuses on numerical investigations of noise generated by the slat track
system as well as the noise propagation and radiation especially to the ground.
This study uses an in-house CAA code based on high-order ﬁnite diﬀerence
schemes, SotonCAA, which also includes a high-order optimized linearized acous-
tic solver for APEs (SotonAPE) and an integral radiation model based on FW–H
equations (SotonFW–H) [51, 88]. The SotonAPE is based on our improved APE-IV
system which accounts for the physics of enthalpy more accurately. This linearized
solver was used to simulate sound propagation in the near ﬁeld and the FW–H solver
was employed to predict the noise radiation to the farﬁeld using the time-dependent
data on the integral surface as input. In solving APEs, time-marching was per-
formed using the 4th-order explicit low-dispersion and low-dissipation Runge–Kutta
(LDDRK) scheme [89]. Space discretization schemes used the 6th-order pre-factored
Hixon’s compact scheme. Details of the numerical approaches employed in this work
are discussed later in this chapter.
3.1 APE Systems
Noise generated by the interaction of an unsteady incompressible or compressible ﬂow
with solid geometries can be understood as transforming hydrodynamic energy into
acoustic energy. In this process, the system of inviscid compressible Euler equations
can sustain three kinds of waves for ﬂuid ﬂow, namely vorticity, entropy and acoustic
waves [90]. If a system can be built to identify the properties of the diﬀerent sources
then the sound waves excited by acoustic perturbations can be separated from the
others (e.g. hydrodynamic ﬂuctuation). The APEs [77] are based on this idea of
separating the ﬂow ﬂuctuations into acoustic and vorticity excitations such that the
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system can exclude vortical modes from the acoustic modes. A brief discussion of
APEs will be introduced in this section.
3.1.1 Basic APE system
The fundamental form of APEs given by Ewert and Schr¨ oder [77] were derived from
the N–S equations and written in terms of enthalpy h and velocity u as Equation
(3.1). The derivation is presented in Appendix A.
∂ u
∂ t
+ ∇h = fm, (3.1)
where
fm = −(u · ∇)u +
∇ · τ
ρ
+ T∇s. (3.2)
Here, fm is the source term determined from CFD solutions.
In APEs, the ﬂuid velocity is decomposed into irrotational velocity, ui, and ro-
tational velocity, uv. The superscript i indicates the irrotational part including the
mean and the acoustic components, the acoustic velocity is denoted by superscript
a. u′ represents the velocity ﬂuctuation.
u = ¯ u + u
′
= ¯ u + u
a + u
v = ui + u
v. (3.3)
After a process of acoustic ﬁltering proposed by Ewert and Schr¨ oder [91], the
governing equations are re-written in the following form containing only the mean
and the acoustic perturbation velocities on the left hand side of the equations.
∂ ui
∂ t
+ ∇h = f
i
m, (3.4)
Ewert and Schr¨ oder introduced a scalar Φ such that ∆Φ = ∇fi
m. Hence the
sources can be sorted according to their linear nature of sound waves. On the right
hand side of Equation (3.4), source term ∆Φ is divided into the following three parts:
the ﬁrst part is related to the acoustic and mean ﬂow velocities, the second is linked
to ﬂuid enthalpy and entropy, while the third contains all the remaining terms. Thus,
we have ∇fi
m = ∆Φ1 + ∆Φ2 = ∆Φ3
∆Φ1 = −∇[(¯ u.∇)u
a + (u
a · ∇)¯ u],
∆Φ2 = ∇[∇¯ h + (T ∇s)
′],
∆Φ3 = −∇[(¯ u · ∇)u
v + (u
v · ∇)¯ u + (¯ u
v · ∇)u
v)
′ −
∇ · τ
ρ
].
(3.5)
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Using the following vector identity,
(¯ u · ∇)u
a + (u
a · ∇)¯ u = ∇(¯ u · u
a) + ¯ ω × u
a + ω
a × ¯ u, (3.6)
the momentum equation, Equation (3.4), can be rewritten as
∂ ua
∂ t
+ ∇(¯ u · u
a) + (∇h − ∇¯ h) = ∇Φ3 − ¯ ω × u
a + (T ∇s)
′. (3.7)
Taking the approximation, then
(T∇s)
′ ≈ ¯ T ∇s
′ + T
′ ∇ ¯ s. (3.8)
According to the deﬁnition of enthalpy, the gradient of h′ is written as:
∇h
′ = ∇(
p′
¯ ρ
) + ¯ T ∇s
′. (3.9)
Then, the momentum equation for the acoustic perturbation velocity is written
in the following form:
∂ ua
∂ t
+ ∇(¯ u · u
a) + ∇(
p′
¯ ρ
) = f
a
m. (3.10)
For the continuity equation,
∂ ρ
∂ t
+ ∇ · (ρu) = 0. (3.11)
The same decomposition is applied as given in Equation (3.3). Density is split
into time-averaged and perturbation parts, ρ = ¯ ρ + ρ′. Neglecting the second-order
term ρ′u′, the continuity equation is linearized as:
∂ ρ′
∂ t
+ ∇ · (¯ ρu
a + ρ
′¯ u) = qc (3.12)
where qc = −∇ · (¯ ρuv)
In Ewert and Schr¨ ode’s APE derivations, pressure perturbation is used to replace
density perturbation via a ﬁrst-order approximation of the second law of thermody-
namics.
p
′ − ¯ c
2
∞ ρ
′ =
γ ¯ p
Cp
s
′. (3.13)
The basic system of APEs, named as APE-I by Ewert and Schr¨ oder, is derived as
follows:
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∂ p′
∂ t
+ ¯ c
2
∞ ∇ · (¯ ρu
a + ¯ u
p′
¯ c2
∞
) = ¯ c
2
∞ q
a
c,
∂ ua
∂ t
+ ∇(¯ u · u
a) + ∇(
p′
¯ ρ
) = f
a
m,
(3.14)
with sources given by
q
a
c = −∇ ¯ ρ,·u
v +
¯ p
Cp
¯ Ds′
Dt
,
f
a
m = ∇Φ3 + ∇q¯ ω + T
′∇ ¯ s − s
′∇ ¯ T.
(3.15)
Besides the APE-I system which is the fundamental form of this linearized model,
another three versions of APEs were developed based on diﬀerent assumptions. Ba-
sically, the APE-I system is derived directly from the N–S equations to simulate
the propagation of acoustic modes alone. The APE-II system is only suitable for
acoustic sources originating from an unsteady incompressible ﬂow. In APE-II, the
hydrodynamic pressure perturbation on the left hand side of the momentum equa-
tion of APE-I system is excluded from the pressure ﬂuctuations, which means that
only the acoustic pressure perturbation and acoustic velocities remain. Both these
two systems involve solving the Poisson’s equation (3.5) to obtain the corresponding
acoustic sources. The APE-III system is designed to avoid this. The most widely-used
version is APE-IV. In APE-IV, the velocity perturbations are still written in prim-
itive disturbance formulation, i.e. the acoustic perturbations contain the rotational
components. APE-IV is more practical as it is based on the usual set of primitive
variables such as perturbations of pressure and velocity. The non-linear, viscous and
entropy terms which are thought to be of minor importance are neglected. Hence,
the vortex source becomes the only source in the APE-IV which can be easily com-
puted from a compressible ﬂow simulation. Considering the mean ﬂow convection
and refraction of a non-uniform ﬂow, the vortex sound source, which is thought to
be the major source in the ﬂow at low Mach numbers, is moved to the right hand
side of the momentum equation in APE-IV system leaving the terms on the left hand
side of the momentum equation to describe the acoustic propagation only. The APE
solver in SotonCAA is coded according to the APE-IV system which is presented as
follows:
∂ p′
∂ t
+ ¯ c
2
∞ ∇ · (ρu
′ + ¯ u
p′
¯ c2
∞
) = ¯ c
2
∞ q
a
c,
∂ u′
∂ t
+ ∇(u · u
′) + ∇(
p′
¯ ρ
) = f
a
m,
(3.16)
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with the following right hand side sources:
q
a
c = −∇ · (ρ
′ u
′)
′ +
¯ ρ
Cp
¯ Ds′
Dt
,
f
a
m = −(ω × u)
′ + T
′ ∇ ¯ s − s
′ ∇ ¯ T − (∇
(u′)2
2
) + (
∇ · τ
ρ
).
(3.17)
3.1.2 LEEs and APE-IV
LEEs can support both vorticity and entropy waves [92, 93]. Stability analysis of
LEEs proved that vorticity and entropy waves can in some cases grow without being
bounded by shear ﬂow leading to instabilities due to the fact that non-linear and
viscous eﬀects are not included in LEEs [94]. These disturbances are convected, even
ampliﬁed when interacting with critical layers in the shear ﬂow resulting in global
instability. in contrast to LEEs, APE-IV was designed to prevent hydrodynamic
instabilities from growing unbounded. However, APE-IV does not exclude the rota-
tional velocity component from the velocity ﬂuctuations. Hence the main diﬀerence
between LEEs and APE-IV is the expression of the momentum equations. Extending
the 2-D LEEs written in Equations (3.18)- Equation (3.20) to 3-D and rewriting them
in terms of pressure ﬂuctuation p′, LEEs can be written as follows:
∂ p′
∂ t
+ ¯ c
2
∞ ∇ · (ρu
′ + ¯ u
p′
¯ c2
∞
) = 0, (3.18)
∂ u′
∂ t
+ (¯ u · ∇)u
′ + (u
′ · ∇)¯ u +
∇p′
¯ ρ
= fm, (3.19)
∂ p′
∂ t
+ γ p
′ ∇¯ u + ¯ u∇p
′ + γ ¯ p∇u
′ + u
′ ∇ ¯ p = 0. (3.20)
While for SotonAPE, the governing equation used is
∂ p′
∂ t
+ ¯ c
2
∞ ∇ · (ρu
′ + ¯ u
p′
¯ c2
∞
) = 0, (3.21)
∂ u′
∂ t
+ ∇(¯ u · u
′) + ∇
p′
ρ
= f
a
m, (3.22)
∂ p′
∂ t
+ γ p
′ ∇¯ u + ¯ u∇p
′ + γ ¯ p∇u
′ + u
′ ∇ ¯ p = 0. (3.23)
The derivation of the above equations for SotonAPE is referred to in the previous
section.
Substituting Equation (3.6) into Equation (3.19), a rotational term (ω × u)′
appears on the left-hand side of the momentum equation, which can be found using
343. NUMERICAL APPROACHES
the vector identify in Equation (3.6). The Lamb vector, L = ω × ua, which is the
major sound source of vortex structures, interacting with the mean ﬂow may cause
the calculation to become unstable in LEEs. This term is moved from the propagation
side to the source side of the momentum equation in APEs but is not convected by
the mean velocities. Therefore APEs are believed to be more stable than LEEs thus
were chosen for the simulations in this study.
3.1.3 Improvement of the APE-IV system
When deriving the basic APE system, Ewert and Schr¨ oder [77] obtained the enthalpy
perturbation from a ﬁrst order approximation of the second law of thermodynamics
in the following form:
h
′ =
p′
¯ ρ
+ (Ts)
′, (3.24)
its gradient is written as
∇h
′
Ewert = ∇(
p′
¯ ρ
) + ∇(Ts)
′ =
∇p′
¯ ρ
−
p′ ∇ ¯ ρ
¯ ρ2 + ∇(Ts)
′. (3.25)
However the enthalpy perturbation given in Equation (3.24) needs to be consid-
ered more carefully. The expression h′ used by Ewert and Schr¨ oder’s was not derived
from the precise deﬁnition of enthalpy. The ﬁrst term of the enthalpy ﬂuctuation
in Equation (3.24) only represents the heat transfer with a constant volume without
considering the work done on the system at a constant pressure. A modiﬁcation to
the expression of ∇h′ is proposed. According to the deﬁnition of enthalpy and the
ﬁrst law of thermodynamics, change of enthalpy for a system is the sum of heat added
to the system plus work done to the system. Therefore the gradient of perturbation
enthalpy should be derived directly from the canonical equation of the state [95],
dh = d(p/ρ) + de, with internal energy given by the ﬁrst law of thermodynamics
de = pdρ/ρ2 + Tds. Therefore ∇h is given as
∇h =
∇p
ρ
+ T∇s. (3.26)
Expanding the ﬁrst term in Equation ( 3.26) to ﬁrst order for perturbation density,
we obtain:
∇h =
∇p
¯ ρ
−
ρ′ ∇p
¯ ρ2 + T∇s. (3.27)
Taking the time average of Equation (3.27), this gives ∇¯ h as
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∇¯ h =
∇ ¯ p
¯ ρ
−
ρ′ ∇p′
¯ ρ2 + T∇s. (3.28)
Neglecting the second-order terms in Equation (3.28), a modiﬁed ∇h′ expression
is obtained by subtracting Equation (3.28) from Equation (3.27).
∇h
′
modified =
∇p′
¯ ρ
−
ρ′ ∇p
¯ ρ2 + (T∇s)
′. (3.29)
For an isentropic ﬂow, the third terms in these two ∇h′ expressions given in
Equations (3.25) and (3.29) are both zero. Diﬀerence exists in the second term which
is related to the work done to the system. When sound waves are propagating in
a uniform or quiescent ﬂow with constant density, the two expressions are identical.
However for a non-uniform mean ﬂow or for a strong turbulent ﬂow whose ﬂuctuations
are signiﬁcant, these two equations give diﬀerent values of ∇h′.
A separate test case was run to compare these two expressions. The computational
setup for this test case is the same as Case VIII in Table 4.4. Line dipoles with a
frequency of 4 kHz are placed along the slat cusp. The properties and locations of
the sources are decided according to the results of a separate DES study and results
from literature. The relative strengths of these sources were estimated using time-
averaged pressure ﬂuctuations on the slat surface. The background ﬂow ﬁelds shown
in Figure 3.1 were ﬁrst obtained by solving the RANS equations for two 3-D HLD
conﬁgurations without the slat track system. Nearﬁeld sound propagation in the
sheared mean ﬂow was calculated by solving the two diﬀerent versions of APEs i.e.
based on Ewert’s original expression and the modiﬁed derivation.
Figure 3.1: Contours of the time-averaged pressure for 3-D HLDs without the slat
track system.
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The second terms in the two diﬀerent ∇h′ expressions of Equations (3.25) and
(3.29) were recorded during the calculations at two monitor points, set near the main
element leading edge and the slat trailing edge as shown in Figure 3.2. Time histories
of the pressure ﬂuctuations at these two monitor points caused by the modiﬁcation
of the expression of ∇h′ in Equation (3.29)are compared and discussed.
Figure 3.2: Positions of the two monitor points.
Figures 3.3 and 3.4 display the time histories of the second terms in Equations
(3.25) and (3.29) for the two monitor points.
(a) X-direction (b) Y-direction
Figure 3.3: Time histories of the second terms in Equations (3.25) and (3.29) at
monitor 1.
As can be seen, the near zero values of the second term calculated from Equation
(3.25) are much smaller than those calculated from Equation (3.29). This discrepancy
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aﬀects the calculated pressure ﬂuctuations resulting in a 2% and 6.3% diﬀerence in
magnitude for the two monitors respectively as show in Figure 3.5. This comparison
shows the inﬂuence on the accuracy of the acoustic solutions. This modiﬁed ∇h′ in
Equation (3.29) derived from a more reasonable process is used for all simulations in
this work.
(a) X-direction (b) Y-direction
Figure 3.4: Time histories of the second terms in Equations (3.25) and (3.29) at
monitor 2.
(a) Monitor 1 (b) Monitor 2
Figure 3.5: Time histories of acoustic pressure at the two monitor points.
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3.1.4 Numerical schemes employed
The high-order numerical schemes for APEs calculations used in this study are brieﬂy
introduced as follows.
3.1.4.1 Spatial discretization
Hixon’s six-order compact scheme is employed to evaluate the spatial derivatives. For
a general compact scheme, the derivative of a function f is written as
[B]{D} =
1
∆x
[C]{f}, (3.30)
where D is the spatial derivative of the function f , [B] is the coeﬃcient matrix of an
easily solved linear system which must be inverted to obtain D, and [C] is a matrix
of explicit coeﬃcients.
In a MacCormack-type scheme, the derivative operator is split into forward and
backward operators DF and DB such that
{D} =
{DF} + {DB}
2
. (3.31)
Correspondingly,
[B
F]{D
F} =
1
∆x
[C
F]{fn},
[B
B]{D
B} =
1
∆x
[C
B]{fn}.
(3.32)
With the restrictions [86]:
[B
F] = [B
B]
T,
[C
F] = −[C
B]
T,
(3.33)
It worth noting that this scheme has a special feather, the coeﬃcient matrix [B]
is bi-diagonal. Thus [BF] and [BB] can be easily inverted.
DF and DB can be derived as
aD
F
i+1 + (1 − a − c)D
F
i + cD
F
i−1 =
1
∆x
[bfi+1 − (2b − 1)fi − (1 − b)fi−1],
cD
B
i+1 + (1 − a − c)D
B
i + cD
B
i−1 =
1
∆x
[(1 − b)fi+1 + (2b − 1)fi − bfi−1].
(3.34)
The coeﬃcients a, b, and c determine the spatial properties of the algorithm.
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The following coeﬃcients give a compact scheme with six-order accuracy:
a =
1
2
−
1
2
√
5
b = 1 −
1
30a
c = 0
(3.35)
For numerical simulations, computational interfaces such as block boundaries,
periodic or symmetry boundaries exist. The ﬂow data are known on both sides of
the boundary. Thus, an explicit central scheme is chosen.
An 11-point stencil central scheme provides an order of accuracy to the ninth
order. The expressions of the scheme are given by
D
F
i =
5  
j=−5
bjfi+j,
D
B
i =
5  
j=−5
−b−jfi+j,
(3.36)
where
b−5 = −0.0005487, b−4 = 0.00572150, b−3 = −0.0274597,
b−2 = 0.08051550, b−1 = −0.3281347, b0 = −0.7500340,
b1 = 1.33473700, b2 = −0.3922902, b3 = 0.0905768,
b4 = −0.0141906, b5 = 0.0011070.
(3.37)
Boundary data only exist on one side, thus single side biased schemes are used.
3.1.4.2 Time–marching schemes
The Runge-Kutta methods are a class of methods which judiciously use the informa-
tion on the “ slope ” at more than one point to extrapolate the solution to the future
steps.
An initial value problem is considered, such as:
y
′(t) = f(t,y(t))
y(t0) = y0.
(3.38)
Using Runge-Kutta method, the value yn+1 and at a brief time later tn + h is
determined by the present value yn, the size of time interval h and the estimated av-
eraged ”slope”. The classical fourth-order Runge-Kutta scheme advances the solution
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through an interval hrk with the formulation,
y
n+1 = y
n +
hrk
6
(k1 + 2k2 + 2k3 + k4) + O(h
5),
tn+1 = tn + hrk,
(3.39)
where
k1 = f(tn ,y
n),
k2 = f(tn +
hrk
2
,y
n +
hrk
2
k1),
k3 = f(tn +
hrk
2
,y
n +
hrk
2
k2),
k1 = f(tn + hrk ,y
n + hrkk3).
(3.40)
Traditionally, the coeﬃcients of Runge–Kutta schemes are chosen to satisfy the re-
quirement of the maximum possible order of accuracy and stability of calculations. It
is also important to preserve the property of non-dissipative and non-dispersive acous-
tic waves in their propagation. An optimized Runge–Kutta approach was proposed
by Hu et al. [89] which is termed Low-Dissipation and Low-Dispersion Runge–Kutta
schemes (LDDRK). This method can minimize the dissipation and dispersion errors
for the propagating waves by choosing the appropriate coeﬃcients for the Runge–
Kutta scheme.
A general explicit p-stage Runge–Kutta scheme can be expressed as [89]:
U
n+1 = U
n +
p  
i=1
wiKi,
Ki = ∆tF(U
n +
i−1  
j=1
βijKj), i = 1,2,...,d,
(3.41)
where wi and βij are coeﬃcients of the scheme, values of which can be found in Hu
et al [89].
In the wave number space, the numerical ampliﬁcation factor for the two adja-
cent time steps is compared to the exact ampliﬁcation factor and the corresponding
optimized coeﬃcients for the minimum error is given. At the same time, the stability
of the computation is considered to determine the ﬁnal coeﬃcients of LDDRK. In
this work, the explicit LDDRK is used as a time advancing approach considering the
computationally expense. Ma’s [96] work on slat noise has proved that this explicit
LDDRK is accurate enough to guarantee the accuracy and eﬃciency of the linear
problems since our simulations were run based on similar conﬁgurations.
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3.1.5 Filtering schemes
Although central schemes are characteristically low dissipation, the existence of mesh
non-uniformity, grid skewness, non-linear ﬂow features and other factors could intro-
duce artiﬁcial disturbances. If they are not damped properly, this numerical distur-
bances may cause inaccurate calculations and even make the calculation unstable.
With the incorporation of a high-order ﬁltering technique, these numerical errors can
be greatly reduced without aﬀecting the accuracy of the spatial discretization.
Assuming φ is the accurate solution for the calculation, the ﬁltered values ˆ φ are
obtained by solving the following system for implicit ﬁltering schemes [97]:
αf ˆ φi−1 + ˆ φ + αf ˆ φi+1 =
+N  
n=−N
an
2
(φi+1 + φi−1). (3.42)
The order and spectral response of the ﬁlter are determined by the coeﬃcients αf,
a0, a1, ..., aN which are obtained in terms of αf from Taylor-and-Fourier-series anal-
ysis [98]. The adjustable parameter αf satisﬁes the inequality −0.5 < αf ≤ 0.5. The
corresponding dissipative characteristics for a ﬁlter with certain degree of accuracy
are determined by the choice of αf, which has to guarantee the accuracy of calcu-
lations. For this work the sixth-order ﬁlter variant is chosen to ensures the spectral
characteristics of the ﬁlter closely match those of the spatial compact discretization,
preserving accuracy and numerical stability.
Near the boundary, there are not enough points to satisfy the requirement of the
sixth-order compact scheme. Thus the order of accuracy of the ﬁlter in the boundary
region is reduced to a level for which a central scheme is available. Values on the
boundary are left unﬁltered.
3.1.6 Boundary conditions
Several kinds of boundary conditions are used in current numerical simulations, in-
cluding slip, buﬀer-zone boundary conditions, etc.
The slip boundary condition was applied to solid boundary for inviscid ﬂow calcu-
lations to ensure the sound travels adiabatically (either the temperature, i.e., Dirichlet
BC specifying T or the heat ﬂux, i.e., Neumann BC specifying ∂ T
∂ n = 0 on the wall
[99]). The normal velocity vector on the wall is set to zero and the tangential term is
kept. Ghost points, which are mirror images of the inner points, are used to calculate
the pressure and the density of the wall point.
To prevent reﬂection of spurious waves from the edge of the artiﬁcial compu-
tational boundaries, a buﬀer zone boundary condition is used. Buﬀer zone blocks
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are placed around the computational domain and an artiﬁcial damping function is
applied at the end of every time step to damp the conserved variables to a target
solution:
Q
n+1 = ˜ Q
n+1 − ξ( ˜ Q
n+1 − Qtarget), (3.43)
where ˜ Qn+1 is the solution after each time step and Qtarget is the local predetermined
target value in the buﬀer zone. The damping coeﬃcient ξ varies smoothly from zero
at the interface between the buﬀer zone and the central computational domain to a
ﬁnite value at the boundary. The deﬁnition of ξ is [92]:
ξ(xbz) = ǫ(1 −
xbz − Lbz
Lbz
)
βbz, (3.44)
where Lbz is the width of the buﬀer zone, xbz is the distance from the out boundary
of the buﬀer zone and ǫ and βbz are coeﬃcients which determine the exact nature of
the damping coeﬃcient. For all work presented in this report, ǫ = 1.0 and βbz = 2.5.
The target values of the solution vector are set to equal to the initial free stream
values.
3.2 Farﬁeld Radiation Model
The FW–H solver in SotonCAA integrates in time domain to predict the radiation
noise to the far-ﬁeld using the near-ﬁeld ﬂow information obtained from APE calcu-
lations.
The FW–H equation [100] used for this project is expressed as follows:
✷
2 p
′(x,t) =
∂2
∂ xi ∂ xj
[Tij H(fs)] −
∂
∂ xi
[Li δ(fs)] +
∂
∂ t
[Un δ(fs)], (3.45)
where ✷2 = 1
c2
∞
∂2
∂ t2 − ∂2
∂ x2
i is the wave operator; Tij = ρui uj + (p − p∞)δij − τij
is the Lighthill stress tensor; Li = Li,j ˆ nj = [Pij + ρui (uj − vj)]ˆ nj represent the
surface dipole source and Un = [ρ∞ vi+ρ(ui−vi)]ˆ ni is linked to the monopole source.
Pij = (p − p∞)δij − τij, is the force acting on unit area applied on the surface. The
function fs = 0 deﬁnes a permeable FW–H integration surface, outside of which
acoustic propagation is calculated. Heaviside function H(fi) is unity for fs ≥ 0 and
zero for fs < 0.
Time-domain solutions of Equation (3.45) can be obtained using Green function
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which satisﬁes the following equation:
✷
2[G(x,t|y,τ)] = δ (x − y)δ(t − τ). (3.46)
Green function is responsed at an observer position x at time t due to an impulsive
forcing at source position y at time τ.
Solutions to the wave equation can be obtained through the use of the Green
function given in Equation (3.46), which turns the Equation (3.45) into an integral
form as:
p
′(x,t) =
  ∞
−∞
       
G(x,t|y,τ)
∂2
∂ yi ∂ yj
[TijH(fs)]
 
dV (y)dτ
−
  ∞
−∞
       
G(x,t|y,τ)
 
∂
∂ yi
(Li δ(fs)) −
∂
∂ τ
(Un δ (fs))
  
dV (y)dτ,
(3.47)
The inﬁnite integrations are performed over time and space. The integrals can be
simpliﬁed to switch the derivatives from source terms to the Green function. This
is possible due to the source terms being zero at inﬁnity (both in space and time).
Thus the radiated pressure in the far-ﬁeld can be expressed as [101]:
p
′(x,t) =
  ∞
−∞
     
TijH(fs)
∂2G
∂ yi ∂ yj
dV (y)dτ
+
  ∞
−∞
     
Li δ(fs)
∂G
∂ yi
dV (y)dτ −
  ∞
−∞
     
Un δ (fs)
∂G
∂ τ
dV (y)dτ,
(3.48)
Considering that the Heaviside function is zero (H(fi) = 0) for volume close by
the FW–H integral surface (f < 0), the ﬁrst volume integral is thus limited to regions
outside the integration surface S (f > 0).
Using the sifting property of the δ function, the last two volume integrals be-
come surface integrals on the FW–H integral surface. After the above manipulations
Equation (3.48) is now expressed as
p
′(x,t) =
  ∞
−∞
     
V
Tij
∂2 G
∂ yi ∂ yj
dV (y)dτ +
  ∞
−∞
   
S
Li
∂ G
∂ yi
dS(y)dτ
−
  ∞
−∞
   
S
Un
∂ G
∂ τ
dS(y)dτ.
(3.49)
The farﬁeld radiated sound can be calculated using this formula when all source
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terms on the right-hand side of Equation (3.49) are known using a proper Green
function for the geometry considered.
The 3-D free-ﬁeld Green function is used for ﬁnite 3-D HLD conﬁgurations in this
project, it is given by
G0(x,t|y,τ) =
δ (g)
4πr
, (3.50)
where g = τ − t+ r/c∞ and r = |x− y| is the distance between the source and each
observer.
Using the relations:
∂
∂ xi
 
δ(g)
4πr
 
=
1
c0
∂
∂ t
 
ˆ ri δ(g)
4π r
 
−
ˆ ri δ(g)
4πr2 (3.51)
∂ G
∂ t
= −
∂ G
∂ τ
(3.52)
∂ G
∂ xi
=
∂ G
∂ yi
(3.53)
the solution can be re-written as
p
′(x,t) =
∂2
∂ xi ∂ xj
  ∞
∞
     
V
Tij
δ (g)
4πr
dV (y)dτ
−
1
c∞
∂
∂ t
  ∞
−∞
   
S
Li ˆ ri
δ(g)
4πr
dS(y)dτ +
  ∞
−∞
   
S
Li ˆ ri
δ(g)
4πr2dS(y)dτ
+
∂
∂ t
  ∞
∞
   
S
Un
δ(g)
4πr
dS(y)dτ,
(3.54)
where ˆ ri (i = 1,2,3) is the component of the unit vector r, which is equal to |x − y|
in the xi direction.
In SotonCAA farﬁeld solutions are given in Lagrangian coordinates ξ (y,τ), con-
sidering the retarded time Tι = t − |x − y(ξ ,τι)|, the formulation (1A) of Farassat
[72] is used.
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4π p
′(x,t) =
∂2
∂ xi ∂ xj
     
V
[
Tij
r|1 − Mr|
]τιdVξ +
   
S
[
˙ Un + U˙ n
r(1 − Mr)2]τιdS(ξ)
+
1
c∞
   
S
[
˙ Lr
r(1 − Mr)2]τιdS(ξ) +
   
S
[
Lr − LM
r2(1 − Mr)2]τιdS(ξ)
+
1
c∞
   
S
[
Lr(r ˙ Mr + c∞Mr − c∞M2)
r2(1 − Mr)3 ]τιdS(ξ)
+
   
S
[
Un(r ˙ Mr + c∞Mr − c∞M2)
r2(1 − Mr)3 ]τιdS(ξ),
(3.55)
where the dot above the variables indicates diﬀerentiation with respect to τ. The
squared brackets indicate quantities evaluated at the retarded time. The contribution
from the volume quadrupole term is neglected assuming the integration surface is
chosen with negligible sound sources outside.
3.3 Summary
The computational methods employed in this work have been discussed in this chap-
ter. APEs are used to provide the nearﬁeld acoustic solutions and FW–H integral
formulation provides the farﬁeld noise predictions. A modiﬁed APE formulation
based on a more accurate explanation of enthalpy during the derivation of the APE
system is proposed. This modiﬁed APEs will be used for the compact source model
simulations in Chapter 4 to investigate the noise propagation in the near ﬁeld. The
slip boundary condition is used since the viscosity can be neglected when sound waves
are propagating in free space. The spatial advancing schemes used for the SotonAPE
solver, Hixon’s six-order compact scheme, is able to provide high-order accuracy while
using a small stencil size with economic computational cost.
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Compact Source Model
Application on Slat Noise
In this chapter, the acoustic ﬁelds calculated via a compact source model with and
without the presence of the slat track system are compared. Inﬂuence of the slat track
system and background ﬂow on the propagation of sound radiated from three major
sources in the slat cove region is discussed. This chapter is divided into three sections.
In Section 4.1, CFD simulations were run on two kinds of isolated tracks, the I-beam
and rectangular cross section, to provide the relevant source information for the com-
pact source model. Section 4.2 contains details of the computations using compact
source model including the source properties, the geometry, the ﬂow conditions and
the computational setups. Simulation results are discussed in Section 4.3. Eﬀects of
various source distributions on the noise propagation are discussed in Section 4.3.1
to determine the source distribution for the following calculations. The convection
and refraction eﬀects of the background ﬂow on the noise propagation are discussed
in Section 4.3.2. The inﬂuence of the slat track system on the noise propagation from
sources at diﬀerent positions are investigated. Relative importance of each sources is
compared in Section 4.3.3. Also included a reconstructed acoustic ﬁeld in slat cove
area is created by linearly superimposed the main sources at corresponding strengths
based on above simulation results in the last part of this chapter.
4.1 Noise Investigation on Isolated Slat Tracks
A slat track, which links the extended slat to the main element, has a curved I-beam
shape. To investigate its noise characteristics, four URANS simulations for isolated
slat tracks of two cross section shapes, I-beam and rectangular cross sections, were run
at two incoming ﬂow directions. The I-beam track is based on the exact geometry for
a 1/8-scaled wing, while the rectangular track was investigated as a simpliﬁed model
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with the two side cavities ﬁlled. A 3-D sketch of these two kinds of track are plotted in
Figure 4.1 in but the simulations were based on 2-D geometries. For each proﬁle, two
incoming ﬂow directions were considered to investigate the impact of diﬀerent ﬂow
incident angles since the angle of the ﬂow passing the slat track can vary. Results
will be used to decide the compact source properties and to provide comparison
information for the DES simulations in Chapter 5 when I-beam track is replace by
rectangular track as a compromise to reduce calculation cost to a manageable level.
The dynamics and acoustics characteristics for these two proﬁles are discussed in this
section.
Figure 4.1: Sketch of 3-D view of the two shapes of tracks and the incoming ﬂow
directions.
4.1.1 Computation setups and grids
The simulations are based on 2-D rather than 3-D conﬁgurations because the inter-
action of the shear layer from the slat cusp with the track is mostly concerned which
could be simulated on the track with a inﬁnite length. However, for a 3-D track with
ﬁnite length, the side eﬀect of the two ends has to be considered which complicate
the calculations. The track geometries both have a dimension of 7.2 mm in width
and 8.3 mm in height which corresponds to an aspect ratio of 1.153. The computa-
tional domain is designed around the tracks extending in the radial direction by 31
times the track width, as shown in Figure 4.2 (a). Meshes for the simulations are
tested and built with grid points clustered near solid boundaries to better resolve the
near-wall boundary layers. The ﬁrst cell oﬀ the solid boundary ensures y+ value of
order O(1). The domain is meshed with O-grid to get orthogonal mesh in most of the
domain away from the track. Near the track grid topology is designed to minimize
the skewness and allow the structured mesh to switch from one region to the other
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smoothly. A close-up view of the grid for the I-beam track is plotted in Figure 4.2
(b). The rectangular track simulations employ the grid modiﬁed based on this grid
with two cavities on both sides of the track ﬁlled. The ﬁnal meshes have a total
number of cells of 126,540 for the rectangular cross-section track, while 128,192 for
the I-beam track.
(a) computational domain (b) grid distribution
Figure 4.2: Computational domain around the HLD model (left) and a close-up view
of the grid around the I-beam track (right).
Considering the real ﬂow situation in the slat cove region, the ﬂow hitting the
bottom of the track comes from diﬀerent angles, two typical incoming ﬂow directions
are investigated with the same Mach number for comparison. Case I the ﬂow comes
from bottom to top with an angle of 0◦. For Case II the ﬂow direction is from left
to right at an angle of 45◦ as shown in Figure 4.1. The reference length is deﬁned
as the cross section length normal to the incoming ﬂow direction. The width of the
track is used as the reference length for Case I, while the diagonal distance of the
cross section of each track is deﬁned as the reference length for Case II as plotted in
Figure 4.2 (b). Details of the computational setups are listed in Table 4.1.
Table 4.1: Computational setup for the simulation of isolated slat tracks
Case Incoming ﬂow Ref. length lt Mach Re
I 0◦ 0.0072 m 0.23 40,279
II 45◦ 0.011 m 0.23 61,538
The S-A turbulence model was employed for all URANS simulations in this
section. The third-order monotone upstream-centred scheme for conservation laws
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(MUSCL) was used to discretize the convective and viscous terms. The solution
was advanced in time using a second-order implicit time-marching scheme with 20
sub-iterations each time step. The time step used was 1.0×10−5 seconds. The simu-
lations were ﬁrstly run long enough to allow the ﬂow to be fully developed and then
run further to collect statistics and acoustic data which was determined by checking
the convergence of the lift coeﬃcient and drag coeﬃcient curves. The cases were run
a further 30,000 time steps to obtain converged ﬂow statistics and then a further
10,000 time steps to acoustic data.
4.1.2 Aerodynamics and aeroacoustics of isolated tracks
RMS values of the lift coeﬃcient and drag coeﬃcient calculated from time samples
over 0.1 seconds are compared in Table 4.2. It is apparent that the performance of
these two kinds of track is almost identical.
Table 4.2: Comparison of track performance
Case Incoming ﬂow Track shape CL CD
I 0◦ I-beam 0.75 0.467
I 0◦ rectangular 0.75 0.468
II 45◦ I-beam 0.543 0.655
II 45◦ rectangular 0.546 0.657
Time-averaged velocity magnitude contours are shown in Figures 4.3 when the
ﬂow passes the two tracks with 0◦ incident angle. These plots display typical patterns
for ﬂows past a bluﬀ body with sharp edges. The ﬂow separates immediately at the
leading edge corners and forms two shear layers on both sides of the object as shown
in Figure 4.3 (b). The ﬂow re-attaches on the body side walls near the downstream
corner and separates at the rear corners again. Large recirculation zones are formed
on both sides of the body. The length of these two recirculating structures is 1.06
lt which is slightly shorter than the height of the rectangular track. For Case I, the
reference length lt is the width of the track. The ﬂow ﬁeld of the I-beam track case
is more complicated due to the presence of the cavities on both sides of the track
as displayed in Figure 4.3 (a). The ﬂow initially separates at the upstream corners
of the body and forms two main recirculating circles on the two track sides. When
this recirculation ﬂow is re-attaching to the inner solid wall, the ﬂow separates at the
bottom of the cavity downstream. Hence another small recirculation zone forms next
to the main recirculation circle downstream. The size of the main recirculation zone
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of the I-beam track is 0.67 lt which is only 63% of the length of the rectangular side
recirculation circle of 1.06 lt.
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Figure 4.3: Contours of time-averaged velocity magnitude and streamlines around
the track (Case I).
It is also noted that the I-beam track has a longer wake downstream behind the
track in comparison with the rectangular track, regardless of from where the ﬂow
comes. For Case I, the length of the secondary recirculation zone downstream is 0.46
lt for the I-beam track and 0.36 lt for the rectangular track.
Because the ﬂow around the real slat track could come from any angles, Case II of
the ﬂow with an incident angle of 45◦ was carried out. Unlike Case I, the geometries
of the two tracks are non-symmetric with respect to an axis of 45◦, the direction of
the incoming ﬂow. Hence the time averaged ﬂow ﬁelds of both tracks display non-
symmetric patterns, as shown in Figure 4.4. Several recirculation zones are formed
downstream after the ﬂow separates from the sharp corners. A longer wake of 1.23
lt from the separation point is found behind the I-beam track from the separating
point. while the wake length behind the rectangular track is only 0.99 lt. In Case II,
the reference length lt is the diagonal length of the tracks since the incident angle of
ﬂow is changed.
The instantaneous vorticity contours are plotted in Figure 4.5 and Figure 4.6.
It can be clearly seen that the vortices are shed alternatively into the downstream
ﬂow from the alternate side of each track. A Karman vortex street is formed behind
each track, a result of the direct interaction of the two separated shear layers. In
Figure 4.5 (a) and Figure 4.6 (a), weak secondary vortices are observed to shed oﬀ
the I-beam track’s side cove corners. A longer vortex formation length is observed
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behind the I-beam track. Here, the vortex formation length is deﬁned as the distance
between two adjacent vortex cores. The recirculation zones created by the cavities
on the I-beam sides and the secondary separations from the trailing edge corners of
the track push the wake further away from the track resulting in a larger eﬀective
frontal area than the rectangular track. Therefore a longer wake is created behind
the I-beam track.
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Figure 4.4: Contours of time-averaged velocity magnitude and streamlines around
the track (Case II).
When the vortices shed from the track, uneven pressure distribution develops
between the two sides of the track, generating an oscillatory force on the track.
This is believed to be one of the major noise sources, whose dominant frequency is
the vortex shedding frequency. For the I-beam track the wider and longer vortex
formation region corresponds to a lower shedding frequency (the vortex shedding
frequency is inverse to the vortex formation length for a given object). The decrement
of curvature of the vortex trajectory is believed to correspond to the increment in
formation length and a decrease in the vortex shedding strength [102]. Hence the
I-beam track may radiate weaker noise than the rectangular track.
Farﬁeld predictions were made using the time-domain FW–H method. Two types
of FW–H integration surfaces were compared: an on-body FW–H integration surface
set on the solid walls of the track, and an oﬀ-body FW–H integration surface circled
around the track with a radius of one and a half times the track width to consider
the contribution from the quadrupole sources in the slat cove region to the overall
sound pressure level (OASPL). 72 observer points were equally distributed around a
circle 100 metres from the track centre to obtain the radiated acoustic pressure time
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histories. Angles for the directivity are measured anti-clockwise starting from the
positive direction of the x-axis. The farﬁeld directivity was calculated for the OASPL
at each observer point by taking the logarithm of the ﬂuctuating RMS values. Here
the OASPL is deﬁned in decibels as follows.
OASPL = 20log10 (
p′
RMS
pref
), (4.1)
where pref is the reference pressure which is equal to 20 µPa and p′
RMS represents
the RMS value of the pressure ﬂuctuations.
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Figure 4.5: Contours of instantaneous vorticity (Case I).
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Figure 4.6: Contours of instantaneous vorticity (Case II).
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The results show that the farﬁeld directivity is dependent on the position of the
FW–H surface. One possible explanation is that far ﬁeld noise prediction for a ﬂow
with strong vortex shedding using permeable FW–H integration surface is aﬀected by
the strong vortical structures convected through the FW–H integral surface. When
the strength of the vortices passing through the permeable surface is suﬃciently
high, hydrodynamic perturbations can be mistaken as a noise source and thus may
signiﬁcantly aﬀect the acoustic prediction [103]. Special care is needed when choosing
integral surfaces for far ﬁeld noise prediction, otherwise the FW–H cannot make an
accurate or reasonable prediction. Also considering that the contributions from the
dipole source is much higher than that of the quadrupole source for low Mach number
ﬂows, results from the on-body integration surface are generally preferred.
In Figure 4.7 for Case I, the directivities are plotted in polar coordinates with the
incoming ﬂow of 0◦. It is seen that the radiated noise displays a dipole-like directivity
pattern with the dipole axis perpendicular to the ﬂow direction,, suggestion the lift
dipole dominates for these two cases. The directivity curve also shows a dipole-like
shape for the predictions from an oﬀ-body FW–H surface when quadrupole sources
are included. This conﬁrms that the dipole is the dominant noise source induced by
the aerodynamic forces exerted on the body in low Mach number ﬂows.
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Figure 4.7: Directivities for the I-beam and rectangular shape tracks (Case I).
For Case I, the rectangular track radiates stronger noise in almost all directions.
In the main radiation direction perpendicular to the ﬂow direction at 0◦ and 180◦, the
maximum diﬀerence is 3.4 dB for the on-body FW–H surface predictions. However it
reduces to 1.12 dB when the oﬀ-body FW–H surface is used. There are two narrow
zones between 255◦ and 285◦ and between 75◦ and 105◦ where the I-beam track has a
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stronger radiation than the rectangular track when the integration surface is on the
track surface. When the quadrupole source is considered, these zones become wider
covering the ranges from 240◦ to 300◦ and from 40◦ to 140◦. The OASPL at 270◦
is increased by 1.4 dB for the I-beam track compared with that for the rectangular
track with the on-body integration surface. This increase is caused by the secondary
vortex shedding oﬀ the I-beam track trailing edge. This contribution is more obvious
when the oﬀ-body FW–H surface is used, a 2.8 dB noise enhancement is noted which
is the result of the quadrupole noise source contribution.
The radiated sound shown in Figure 4.8 also displays a dipole nature for Case II
with the dipole axis perpendicular to the incoming ﬂow. The maximum OASPL ap-
pears at 135◦ and 315◦. The rectangular track has stronger radiation in all directions
compared to the I-beam track as shown in Figure 4.8. Stronger forces caused by the
vortex shedding oﬀ the side surfaces results in the noise from the rectangular track
increasing by 5.9 dB at angles of 135◦ and 315◦ with integration surfaces on the walls.
Considering the contribution from the noise generated by the vortex shedding from
the edges, the OASPL increment of 5.4 dB is found at the angle of 315◦, comparable
with the case of the I-beam track employing the oﬀ-body FW–H surface.
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Figure 4.8: Directivities for the I-beam and rectangular shape tracks (Case II).
For an aircraft in operation especially in the landing and taking-oﬀ phases, the
noise directed towards the ground is of most concern. The spectra of the pressure
ﬂuctuations recorded at the observer point directly underneath the track (θ = 270◦)
for both cases are plotted in Figures 4.9 and 4.10. The spectra were obtained by
performing a fast Fourier transform (FFT) on the radiated pressure data with a
sampling frequency of 100 kHz. 8192 samples were collected corresponding to a time
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record length of 0.081 seconds, which is 81 periods of a source at 1 kHz.
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Figure 4.9: Comparison of spectra at the observer underneath the track for the I-beam
and rectangular tracks (Case I).
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Figure 4.10: Comparison of spectra at the observer underneath the track for the
I-beam and rectangular tracks (Case II).
In Case I, the fundamental frequency in the spectrum for the I-beam track is 800
Hz, rising to 1,180 Hz for the rectangular cross-section track which corresponds to the
vortex shedding frequency. The Strouhal numbers for these two cases are 0.073 and
0.11 respectively. After changing the incoming ﬂow direction from 0◦ to 45◦ in Case
II, the dominant shedding frequencies decrease to 400 Hz for the I-beam track and 800
Hz for the rectangular cross-section track. The corresponding Strouhal numbers are
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0.055 and 0.11 respectively based on the diagonal length of the track as the reference
length. The width between the two free shear layers can aﬀect the vortex shedding
frequency [104]. When the direction of the incoming ﬂow changes from 0◦ to 45◦, a
larger frontal plane facing into the incoming ﬂow leads to a wider distance between
the two shear layers and a longer trajectory, therefore lower shedding frequencies
observed for both the I-beam track and the rectangular track. Also, the decrement of
the vortex shedding frequency for the I-beam track compared to the rectangular track
with an incoming ﬂow at 45◦ corresponds to the increment of the vortex formation
length discussed above.
In the spectrum of the I-beam track case, a low amplitude peak accompanying the
main peak and its harmonic frequencies can be seen in Figures 4.9 and 4.10. This is
believed to be the frequency of the secondary vortex shedding oﬀ the I-beam track’s
downstream corners.
In other cylinder studies, Okajima [105] measured the vortex shedding frequencies
for square and rectangular cylinders at diﬀerent Reynolds numbers and aspect ratios.
His results showed that the Strouhal number remains constant at 0.08-0.09 when
Re > 5 × 103 for a rectangular cylinder with an aspect ratio of 2. This study is
based on Reynolds number at 4 × 104 and 6.01 × 104 and the tracks’ aspect ratio of
1.153. The Strouhal numbers obtained are St = 0.073 and St = 0.11 for the I-beam
and rectangular tracks respectively, with ﬂow perpendicular to the track. This is a
slightly diﬀerent geometry with Okajima’s experimental data.
4.1.3 Summary
Noise generated by ﬂows passing by the two kinds of tracks, I-beam and rectangular
is mainly caused by the alternate vortex shedding oﬀ the body. The noise generated
by the rectangular track is stronger than that produced by the I-beam track when
the ﬂow past each track is at an incidence angle of 45◦. If only the surface noise is
considered for the two kinds of tracks, the noise radiated by the rectangular track is
still greater. The dominant frequency of the rectangular track is higher than that of
the I-beam. The secondary vortex shedding oﬀ the thinner beam of the I-beam track
leads to a wider frontal area and longer vortex formation length which is inversely
proportional to frequency. Hence the vortex shedding oﬀ the I-beam track has a
slightly lower dominant frequency than that of the rectangular track.
A compromise is made for the simulations ing the rest of the work as the rect-
angular track replaces the I-beam track to make the calculations simpler. Since the
aerodynamic and aeroacoustic diﬀerences of these two kinds of tracks have been dis-
cussed and fully understood in this section, the results of the simulations can be
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adjusted accordingly.
4.2 Compact Source Model Simulation Setup
4.2.1 Major source properties in slat cove region
The compact source model, proposed by Dobrzynski et al. [35] in an attempt to
separate the sound propagation from the sound generating process, is employed. It
assumes that the sources of noise originating from the slat trailing edge and the slat
cusp are known. The slat tonal noise was modelled by acoustic dipoles placed near the
slat trailing edge and cusp. Good agreement in the farﬁeld directivity was obtained
from a full scale model test [13]. Mincu et al. [106] also applied a similar method to a
2-D HLD wing simulation, and compared the acoustic ﬁelds from compact monopole
sources at diﬀerent locations to investigate the inﬂuence of background ﬂow on sound
propagation. This work employs a similar strategy to study the eﬀect of the slat
track system on the slat noise propagation, including the reﬂection and diﬀraction
caused by these extrusive components, and the shear ﬂow inside the cove region.
Previous CFD studies for HLDs have shown that slat noise for HLDs in landing
conﬁguration is mainly linked to the interaction between the ﬂuid and solid surfaces
[37, 38, 44, 46, 49]. This interaction generates wall ﬂuctuating forces, which radiate
sound. The predicted far ﬁeld directivity conﬁrmed that the dipole is the dominant
source for HLDs during the low-Mach-number landing phase. Therefore our simu-
lations employed dipoles rather than monopoles to model the slat noise sources like
Mincu [106] to model the noise source in the slat region. For a low-Mach-number ﬂow,
ﬂuids does not support shear stresses well, quadrupoles are poor radiators of sound
in deed. The power spectrum density of sound from dipole sources are proportional
to M6 and M8 for quadrupole sources, so dipole sources are much more eﬃcient in
radiating sound waves than quadrupole source. Therefore the quadrupole source is
not suitable for this model.
In turbulent ﬂow over an aerofoil, vortices are shed from the slat trailing edge and
the boundary layer developed on an aerofoil surface is scattered by the trailing edge,
generating tonal noise. Although in CFD simulations of various scaled modules a
very high frequency tone at 30 kHz was identiﬁed as the dominant noise near the slat
trailing edge, this has not been observed in full scale HLD experiments. The possible
reason given by Dobrzynski is that the bluntness of the slat trailing edge is not scaled
properly in order to emphasize the vortex shedding caused by the trailing edge [13].
For a full scaled wing, the thickness of the slat trailing edge is negligible compared
with the slat size. The signiﬁcant blunt slat trailing edge noise found in model CFD
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is thought to be a model artefact. In his recent review, based on the experimental
results of a 1/10 scaled model, he proposed that noise with a frequency range from
10 kHz to 20 kHz caused by the T–S boundary layer instability on the slat suction
surface is the main high frequency tone near the slat trailing edge. The generation
of T–S waves is believed to originate from the strong coupling of long wavelength
free-stream disturbances with short-wavelength boundary-layer instabilities due to
the sudden changes in the surface geometry [107]. The existence of a feed-back loop
between the generated noise at the slat trailing edge and boundary layer instability
waves was also emphasized by Makiya in his paper [38].
This current work uses dipoles in a compact source model. Parameters for the
dipole sources were decided based on CFD and experimental data. The precursor
simulations were presented in the previous section. Dipoles with a frequency of 8
kHz, corresponding to 11 kHz for Dobrzynski’s scaled model, were used to represent
the trailing edge tone. As for the broadband noise which is widely believed to originate
from the unsteady shear layer emitted from the slat cusp, its frequency range of 1
and 5 kHz was suggested by Khorrami et al. [22, 37]. This dominant frequency band
matches our DES results with a range of 1 kHz to 4 kHz discussed in Chapter 5.
Noise generated by the slat track itself was modelled by line dipoles at the slat track
location. The typical frequency of 800 Hz for the slat track noise was determined by
previous isolated track simulations.
For a linear problem, the amplitude of sources is not important, therefore arbitrary
amplitude was used in our simulations. The dipole source was realized by adding a
term that represents the oscillating force to the right-hand side of the momentum
equation in APE-IV. Line dipoles with the same strength per unit length are evenly
placed in the corresponding source positions (along the cusp, the trailing edge and
the slat track). To realize this numerically discrete source, dipoles of single frequency
with a Gaussian proﬁle in the following form were employed.
S(r,t) = Ae
−ln(2)( r
σ)2
sin(ω t), (4.2)
where A is the amplitude of the dipole source and σ is a constant which controls
the shape of the Gaussian proﬁle. r = [(x − x2
0) + (y − y2
0)]1/2 is the distance to the
source. In the following simulations, the source amplitude is A = 7.115 × 10−3 and
the standard derivation σ = 2 × 10−3.
594. COMPACT SOURCE MODEL APPLICATION ON SLAT NOISE
4.2.2 Calculation setup
Numerical simulations are performed for the same 1/8 scaled 3-D HLD both with and
without the slat track system. Results from the two cases are compared to evaluate
the slat track system eﬀects. The noise propagation in both a quiescent medium
and a steady mean ﬂow is considered. The main geometry information for the HLDs
employed in this work shown in Figure 1.4 is listed in Table 4.3.
Table 4.3: Geometry parameters of slat and slat track system.
Parameters Symbol Setting
Mean chord of the retracted wing c 0.728m
Slat angle (in ◦) δs 32
Slat gap (as a percentage of c ) gs 1.88
Slat overlap (as a percentage of c ) Os -0.44
Flap angle (in ◦) δf 28
Flat gap (as a percentage of c ) fs 2.88
Flat overlap (as a percentage of c ) Of -0.98
Cut-out spanwise gap (as a percentage of c ) gc 2.34
Thickness of slat track (as a percentage of c ) lt 0.96
Length of spanwise (as a percentage of c) 36
Diﬀerent grids were adapted to ensure resolution of the waves with proper point-
per-wavelength (PPW) without overloading the computational cost. Four 3-D struc-
tured meshes with various grid distributions were generated for these two conﬁgura-
tions which include the slat and half of the main element. The domain is 1.8 times
the stowed chord length. Another coarser 3-D grid was used for the lower frequency
slat track noise propagation case which covered all elements including the ﬂap to con-
sider the long wavelength for the low-frequency slat track noise. The computational
domain is extended to 6 times the stowed chord length. The two domains are plotted
in Figure 4.11. The spanwise box length corresponds to the distance between two
adjacent slat tracks and 103 points are used in this direction. The grids are mainly
clustered in the area close to the slat track system and stretched on the outskirts of
the slat track in the spanwise direction. Since the objective of these simulations is to
identify the inﬂuence of the slat track and the cut-out on the slat noise propagation,
ﬁne meshes were designed to properly resolve sound waves up to 20 kHz within the
selected oﬀ-body FW–H surface by the chosen ﬁnite diﬀerence scheme. The coarser
mesh can only be used for frequencies up to 10 kHz. A mesh validation case were
run based a 2-D conﬁguration and conﬁrmed that the current grid is ﬁne enough for
the calculations.
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(a) ﬁner grid (b) coarse grid
Figure 4.11: Computational domains for two grids around 3-D HLDs.
The twenty cases listed in Table 4.4 were designed to investigate the noise prop-
agation for 3-D HLDs. Positions of diﬀerent sources are pointed out in Figure 4.12.
The ways that sources are distributed in the slat cove area are listed in Table 4.4 and
also explained in this Figure 4.12.
This simulation employed sotonAPE to calculate the nearﬁeld acoustic ﬁelds.
Hixon’s six-order compact scheme was used for the spatial discretization. The explicit
LDDRK scheme of Hu et al. [89] was employed to advance the solution in time.
Numerical stability of the simulation was realized via a six-order ﬁlter. The slip
boundary condition was applied on the walls and the non-reﬂection buﬀer zone is
used at the domain boundaries. A periodic boundary condition was set at two ends
of the computational domain in the spanwise direction.
Time-averaged ﬂow information was obtained by running separate RANS simu-
lations for 3-D HLDs at a free stream Mach number M∞ = 0.23, an angle of attack
α = 5◦ and Reynolds number Re = 3.89×106, based on the free stream velocity and
the retracted mean chord of the scaled HLD model. Contours of the time-averaged
pressure for the two diﬀerent conﬁgurations are shown in Figure 3.1.
Non-dimensional values of grid and ﬂow variables are employed in sotonAPE code.
The dimensionless variables used in the calculations in this work deﬁned using the
following reference values: free stream density ρ∞, free stream sound speed c∞ as
shown in Equation 4.3:
614. COMPACT SOURCE MODEL APPLICATION ON SLAT NOISE
x
∗ = x/c,y
∗ = y/c,z
∗ = z/c;t
∗ = t ∗ c∞/c;
ρ
∗ = ρ/ρ∞;
u
∗ = u/c∞,v
∗ = v/c∞,u
∗ = u/c∞;
T
∗ = T ∗ γ ∗ R/c
2
∞;
p
∗ = p/(ρc
2)
∞,
(4.3)
where R is the idea gas constant and γ is the ratio of speciﬁc heats.
Table 4.4: List of computed cases
Cases cells Freq. distribution Position BG ﬂow track system
I 233,060 4 kHz Cosine cusp no ﬂow no
II 552,766 4 kHz Cosine cusp no ﬂow yes
III 560,165 8 kHz even TE no ﬂow no
IV 560,165 8 kHz even TE background ﬂow no
V 1,444,902 8 kHz even TE no ﬂow yes
VI 1,444,902 8 kHz even TE background ﬂow yes
VII 233,060 4 kHz even cusp no ﬂow no
VIII 233,060 4 kHz even cusp background ﬂow no
IX 552,766 4 kHz even cusp no ﬂow yes
X 552,766 4 kHz even cusp background ﬂow yes
XI 431,896 0.8 kHz even track no ﬂow no
XII 431,896 0.8 kHz even track background ﬂow no
XIII 560,165 1 kHz even cusp background ﬂow no
XIV 560,165 2 kHz even cusp background ﬂow no
XV 560,165 3 kHz even cusp background ﬂow no
XVI 560,165 5 kHz even cusp background ﬂow no
XVII 552,766 1 kHz even cusp background ﬂow yes
XVIII 552,766 2 kHz even cusp background ﬂow yes
XIX 552,766 3 kHz even cusp background ﬂow yes
XX 552,766 5 kHz even cusp background ﬂow yes
Data from a permeable integration surface enclosing the slat, leading edge of the
main element and the slat cove region were used as inputs to calculate the noise
radiation via FW–H formulation. The cases were run over a suﬃcient number of
source periods before starting to collect data for FW–H integration. For consistency,
the locations of the ar ﬁeld observers are set at 100 metres from the slat cusp. Angles
for directivity are measured anti-clockwise starting from the positive direction of the
x-axis.
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Figure 4.12: Source positions and dipole distributions.
Figure 4.13: Three typical cross section positions in spanwise direction.
In this work, three typical cross sections along the spanwise direction for the
conﬁguration with the slat track system are chosen to analyze the inﬂuence of the
slat track system as shown in Figure 4.13. Position S1 is across the central plane of
the slat track and cut-out. Position S2 is 0.01c oﬀ the central plane representing a
cross section through the cut-out but not the slat track. Position S3 is located 0.206c
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away from the central plane, which is 0.82% of half span, at where the ﬂow is less
inﬂuenced by the track, and thus should resemble the baseline case.
4.3 Simulation Results
4.3.1 Eﬀect of source distribution on noise propagation in
the slat cove region
Two types of source distributions along the span as shown in Figure 4.12 are employed
to investigate their inﬂuence on the noise propagation and far-ﬁeld contribution.
As shown in Figure 4.12, the sources are evenly distributed along the cusp in the
spanwise direction with two type of strength distributions: equal spacing with uniform
strength (black arrows) and equal spacing with Cosine-function proﬁle strength (red
arrows). In this project, most cases used evenly distributed dipoles with uniform
strength as plotted by the black lines. Another two cases employing the Cosine-
function distribution (CaseI and II), as sketched by the red lines with the same
averaged strength per unit length were run for comparison when the dipoles were
placed along the slat cusp. For both conﬁgurations, the acoustic pressure contours
display diﬀerent patterns along the span as shown in Figure 4.14 and Figure 4.15,
with the Cosine-function distributed dipoles applied.
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Figure 4.14: Contours of instantaneous pressure perturbations with Cosine-function
distributed dipoles along the slat cusp for the baseline conﬁguration.
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Figure 4.15: Contours of instantaneous pressure perturbations with Cosine-function
distributed dipoles along the slat cusp for the track conﬁguration.
Comparing the farﬁeld eﬀect with the evenly distributed sources of identical
strength, the directivity pattern in the far ﬁeld are almost identical, for the two
types of source distributions as displayed in Figure 4.16. Therefore, we can conclude
that the noise propagation can be inﬂuenced in the near ﬁeld but is independent of
the source distribution in the far ﬁeld. In this project, the ideal situation is assumed
that the sources along the slat cusp or the trailing edge are evenly distributed with
uniform strength.
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Figure 4.16: Directivities of the sound radiated from the sources with diﬀerent dis-
tributions along the spanwise direction.
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4.3.2 Inﬂuence of background ﬂow on noise propagation in
3-D HLDs.
In classical physics, sound waves produced by a stationary source in a quiescent
medium are omnidirectional, their wave fronts are spherical and propagate away
from the source at a constant speed (Figure 4.17 (a)).
Sound wave from a moving source and travelling in a medium will be inﬂuenced
by the Doppler eﬀect and convective ampliﬁcation can happen as shown in Figure
4.17 (b). For example, in a uniform ﬂow with Ma = 0.23, the waves travel slower
with higher strength but shorter wavelength against the ﬂow, and faster with weaker
strength but a longer wavelength downstream. The wavelength decreases and the
wave bends upstream. This phenomenon is called the Doppler eﬀect. The acoustic
ﬁeld generated by a moving source compared with that produced by a stationary
source is displayed in Figure 4.17. When the medium properties change, refraction
may occur. The phase velocity of the wave maybe changed but its frequency remains
constant.
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Figure 4.17: Sound convection by a time-averaged mean ﬂow.
The sound-meanﬂow interaction is more complicated when sound waves propagate
in a sheared ﬂow. As discussed in the previous section, the high tonal noise produced
by the T–S instability and the broadband noise generated by the unsteady shear
layer are thought to be the major noise sources around the slat. Line dipoles placed
along the slat trailing edge and the cusp were used to represent these noise sources.
Simulations in this section were performed in quiescent medium and time-averaged
mean ﬂows shown in Figure 4.18 to study the sound-meanﬂow interaction.
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(a) Baseline (b) With the slat track system
Figure 4.18: Contours of the time-averaged pressure for 3-D HLDs with and without
the slat track system.
4.3.2.1 Noise from line dipoles along the slat trailing edge.
The pressure perturbation contours are compared for cases with and without back-
ground ﬂow in Figure 4.19 when the sources are placed along the slat trailing edge
for the baseline conﬁguration.
The wavefronts are deformed in the presence of the background ﬂow. Convection
ampliﬁcation is observed with the major radiation lobes shifted downstream, this can
be seen clearly in the directivity plots shown later. The superposition of incidence
and reﬂected waves causes the constructive or destructive interaction. The magnitude
is doubled when two waves are in-phase while it would be cancelled when they are
out of phase. With the conﬁguration of the slat track system added on, the inﬂuence
of the mean ﬂow at the three typical positions S1, S2 and S3 shows a similar trend, as
displayed in Figures 4.20-4.22. Sound-meanﬂow interaction modiﬁes the sound wave
propagation. Wavefronts are compressed upstream while elongated downstream. In
the slat cove region, the magnitude of the waves propagating towards the ground is
ampliﬁed by the mean ﬂow convection. Various cancelation patterns are observed at
diﬀerent angles.
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Figure 4.19: Contours of instantaneous pressure perturbations for the baseline con-
ﬁguration with line dipoles along the slat trailing edge.
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Figure 4.20: Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat trailing edge at Position
S3.
Figure 4.23 compares directivities to study the inﬂuence of the background ﬂow
on the farﬁeld noise levels for both conﬁgurations when the line dipoles are placed
along the slat trailing edge. It is observed that sound radiates predominantly upwards.
Due to the sound-meanﬂow interaction, the sound level is ampliﬁed in most directions
especially for the sound being radiated towards the ground. The phases of the incident
waves and reﬂected waves under the slat are modiﬁed when interacting with the mean
ﬂow that leads to diﬀerent cancellation patterns. The maximum SPL increment is 27
dB at the angle of 280◦ for the case with the slat track system, while a 19.8 dB noise
level increment is seen at an angle of 290◦ for the baseline case. In the direction right
beneath the aeroplane at 270◦, the SPL increased 4.8 dB for the baseline case and 10
dB for the case with the slat track system due to the phase modiﬁcation resulted by
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the convection eﬀect of the mean ﬂow.
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Figure 4.21: Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat trailing edge at Position
S2.
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Figure 4.22: Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat trailing edge at Position
S1.
As radiation towards the ground is of most concern, the noise levels projected
to the ground are evaluated on a truncated proportion for observers on the ground
under a pyramid of 45◦. The distance from the model to the ground is assumed
to be 15 meters, which corresponds to the height for a 1/8 scale of the standard
approaching noise measurement height of 120 meters in approach phase, as shown
in Figure 4.24. The noise footprint is calculated based on a 15 by 15 grid on the
ground with a separation angle of 5◦. The radiated energy to the ground can be
calculated by summing up the sound intensity values over the whole area. Since
I ∝ p2
RMS ∝ r−2, we use non-dimensional mean square sound pressure proportional
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to the acoustic intensity to represent the acoustic energy. As we are only interested
in comparing the cases that have the same projection area, and the approach used
is linear, thus only relative values are compared. Table 4.5 lists the radiated energy
towards the ground for the four Cases III-VI. As is evident, the energy radiated
towards the ground was intensiﬁed and the angle of the major lobe in the direction
towards the ground changed due to the sound-meanﬂow interaction.
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Figure 4.23: Directivities of radiated sound from line dipoles along slat trailing edge
with and without background ﬂow.
Figure 4.24: Projection area on the ground.
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Table 4.5: List of radiated energy for Case III–VI
source position baseline track
TE
quiescent 1.53 × 10−3
79%
quiescent 1.38 × 10−3
567%
BG ﬂow 2.74 × 10−3 BG ﬂow 9.2 × 10−3
4.3.2.2 Noise from line dipoles along the slat cusp.
The pressure perturbation contours are compared for the cases with and without
background ﬂow in Figure 4.25 for the baseline conﬁguration when the line dipoles
are moved to the slat cusp. Sound-meanﬂow interaction modiﬁes the sound wave
propagation. Due to Doppler eﬀect of a moving source, the wavefronts are compressed
upstream and elongated downstream. The phases of the incident waves and reﬂected
waves under the slat are changed leading to various cancelation phenomenon when
comparing the two conditions with and without background ﬂow. Where the waves
are anti-phase, the angles are changed. For the conﬁguration with the slat track
system added on, the inﬂuence of the mean ﬂow at three typical positions shows a
similar trend as displayed in Figures 4.26-4.28.
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Figure 4.25: Contours of instantaneous pressure perturbations for the baseline con-
ﬁguration with dipoles along the slat cusp.
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Figure 4.26: Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat cusp at Position S3.
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Figure 4.27: Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat cusp at Position S2.
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Figure 4.28: Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along the slat cusp at Position S1.
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The farﬁeld directivities are compared in Figure 4.29 to show the eﬀects of the
mean ﬂow on the sound radiated by the line dipoles along the slat cusp. Similar
to the case with sources placed along the trailing edge, it is found that the sound
propagation is modiﬁed by the mean ﬂow for both conﬁgurations. The major lobes
shift downstream and the sound propagating upstream is slightly ampliﬁed while the
noise is attenuated in the downstream direction due to interaction with the mean
ﬂow gradient. The maximum noise ampliﬁcation happens at 250◦ with a 14.6 dB
level increase for the baseline conﬁguration and at 260◦ with 23.8 dB increments for
the case with the slat track system. In the direction right beneath the aeroplane at
270◦, the SPL increased 12.2 dB for the baseline case and 11 dB for the case with
the slat track system.
Table 4.6 lists the radiated energy towards the ground for Case VII-X. The energy
radiated towards the ground was dramatically intensiﬁed due to the sound-meanﬂow
interaction but the increment is less than the case with the sources at the slat trailing
edge when the slat track system is applied.
For the above simulations, the source for each case has the same strength and
acoustic power. Also no sound energy is dissipated when the sound waves are propa-
gated in both rest ﬂow and mean ﬂow due to the zero viscosity in APE. The increment
of the radiated energy towards the ground is caused by the sound-meanﬂow interac-
tion. The eﬀects of convection and refraction within the mean ﬂow leads to the phases
of incident and reﬂected sound waves being changed, less cancellation observed after
their interaction may result in a stronger base sound.
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Figure 4.29: Directivities of radiated sound from line dipoles along slat cusp with
and without background ﬂow.
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Table 4.6: List of radiated energy for Case VII-X
source position baseline with the slat track system
Cusp
quiescent 6.72 × 10−3
371%
quiescent 1.5 × 10−2
187%
BG ﬂow 3.17 × 10−2 BG ﬂow 4.3 × 10−2
4.3.3 Inﬂuence of the slat track system on noise propagation
in the slat cove region.
4.3.3.1 Noise from line dipoles along the slat trailing edge.
The inﬂuence of the slat track system on noise propagation can be investigated in
the following two ways: ﬁrstly, near ﬁeld acoustic patterns are compared at three
typical spanwise positions to study the inﬂuence of the slat track system on the near
ﬁeld propagation. Comparing Figures 4.20 (a)-4.22 (a) and Figures 4.20 (b)-4.22 (b)
which show the noise propagating contours with sources along the trailing edge, it is
obvious that in the presence of the slat track system at position S1 and S2, sound
waves are scattered by the slat track. The phases of the waves are changed so that
the cancellation of incident waves and reﬂected waves displays various patterns under
the slat. Secondly, the eﬀect of the slat track system was evaluated by comparing the
acoustic ﬁelds in Figures 4.20 (b)-4.22 (b) with a corresponding plot for the baseline
case in Figure 4.19 (b) with sources along the trailing edge. For both conﬁgurations,
the sound waves mainly propagate upwards. The sound waves propagating through
the gap under the slat trailing edge are radiated by the main element leading edge
into the slat cove or propagated downstream. Sound wave cancellation is observed
underneath the slat. The inﬂuence of the slat track system existence is seen as the
waves propagate downwards. Comparing Figures 4.19 (b) and 4.20 (b), the diﬀerences
in the acoustic ﬁelds are mainly caused by the convection and refraction eﬀects of
various mean ﬂows. Because Position S3 is far enough away from the slat track
system, the inﬂuence from the presence of the slat track system on the acoustic ﬁelds
is not signiﬁcant. However at Position S1, comparing Figures 4.19 (b) and 4.22 (b)
and at Position S2, comparing Figures 4.21 (b) and 4.20 (b), the sound radiated by
the sharp cut-out on the main leading edge is intensiﬁed. Stronger interference occurs
when the incident waves are superimposed by the radiated waves from the cut-out.
It is also noted that the phase of the sound waves sometimes change after being by
the cut-out. Hence diﬀerent cancellation patterns are observed.
In Section 1.2, the slat gap gs is deﬁned as the shortest distance from the slat
trailing edge to the main element. gs,the shortest distance from the slat trailing edge
to the cut-out, for the baseline conﬁguration is 1.88%c, while gs is 3.14%c at Position
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S1 and S2 for the case with the slat track system. The wavelength is 3.14 gs when
the sound waves pass the gap between the slat trailing edge and the main element
leading edge without the cut-out engraved, but only 1.88 gs with a cut-out aperture.
However diﬀerent diﬀraction patterns in the slat cove region, related to the ratio of
the wavelength to the aperture size, are not signiﬁcantly diﬀerent when comparing
Figure 4.19 (a) with Figure 4.21 (a) because the diﬀraction is combined with the
strong radiation eﬀect.
The eﬀect of the slat track system is quantiﬁed by comparing the farﬁeld direc-
tivities of the two conﬁgurations shown in Figure 4.30. It is clearly seen that the
existence of the slat track system intensiﬁes radiated sound in most directions. The
sound propagation is signiﬁcantly intensiﬁed upstream. In the direction towards the
ground, within the range between 195◦ and 330◦, stronger radiation is observed for
the slat track case. A shift of the main radiation directly upstream is observed with
5◦ from 280◦ for the baseline case to 275◦ for the track case. The most pronounced
eﬀect of the slat track system displayed in Figure 4.30 happens at 215◦ which cor-
responds to the direction from the trailing edge to the cusp for a deployed slat (the
slat is deployed at 32◦). The maximum noise level increment of 16.61 dB is found in
this direction. In the direction right beneath the HLDs, the noise level increases 6.5
dB for the trailing edge case.
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Figure 4.30: Directivities of radiated sound from line dipoles along slat trailing edge
for the two conﬁgurations with and without the slat track system.
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Figure 4.31: Noise level contour projection on the ground with line dipoles along the
slat trailing edge.
Contours of noise footprints on the ground are presented in Figure 4.31 for the
two cases with line dipoles along the trailing edge. The corresponding value of energy
radiated to the ground is increased by 236% when the slat track system is added on,
compared with that for the baseline conﬁguration, which represents an increment of
5.26 dB to the perceived noise on the ground. As we have discussed above, the energy
increment is mainly caused by the strong radiation when the sound waves pass the
sharp cut-out edges.
4.3.3.2 Noise from line dipoles along the slat cusp.
Changing the noise source position to the slat cusp, a similar phenomenon of wave
interference as in the trailing edge cases is found in the direction towards the ground
as shown in Figures 4.26 (a)–4.28 (a) and Figures 4.26 (b)–4.28 (b). The sound
propagating patterns also varies along the spanwise direction with the slat track
system applied. After sound waves emitted from the source, they are superposed with
waves reﬂected by the diﬀerent combination of slat, slat track and cut-out. Figures
show diﬀerent cancellation patterns which are caused by the phase modiﬁcation when
the sound waves propagate around the conﬁguration with the slat track system.
In Figures 4.25 (b)–4.28 (b), the wavelength of the sound waves at frequency of
a 4 kHz is much larger than the gap distance between the slat trailing edge and the
main element leading edge gs. Diﬀraction is not signiﬁcant when the sound waves
pass by the opening. Also because the frequency is only half that of the dipoles along
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the slat trailing edge, the wavefront curvature decreases. The cancellation eﬀects are
not signiﬁcant in the lower plane of this case.
When the sources are located along the slat cusp, the noise is radiated mainly
downwards as shown in Figure 4.32 for the farﬁeld noise directivities. A maximum
noise increase of 10.34 dB occurs at the angle of 75◦. In the direction right beneath
the HLDs, the noise level increases 0.4 dB for the cusp case inﬂuenced by the slat
track system.
Contours of noise footprints on the ground are presented in Figure 4.33. When
the dipoles are set along the cusp, the radiation energy is increased by 35.96% for the
case with the slat track system added on. This indicates an SPL increment of 1.33
dB. Therefore, the existence of the slat track system results in more noise projected
towards the ground. The increment of the radiation energy comes not only from the
interaction of the ﬂow with accessory components such as slat track, cut-out and the
joint, but also the refraction eﬀect of background ﬂow with these add-on components.
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Figure 4.32: Directivities of radiated sound from line dipoles at slat cusp for two
conﬁgurations with and without the slat track system.
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Figure 4.33: Noise level contour projection on the ground with line dipoles along the
slat cusp.
4.3.3.3 Noise from line dipoles at the slat track position
To investigate the propagation of noise generated by the slat track itself, line dipoles
are used to replace the slat track, whose properties were obtained from the isolated
slat track simulations performed in Section 4.1. Dipoles with frequency of a 800 Hz
are chosen to represent the noise generated by the interaction of the ﬂow and track.
The reason for this choice has been discussed and explained in Section 4.1.3
Figure 4.34 compares the instantaneous pressure ﬂuctuation contours with and
without the mean ﬂow applied. Due to the low-frequency property of the slat track
noise, the wavelength is much longer than the size of the gap between the slat and the
main element. When the sound waves encounter the slat, they are not only reﬂected
by the inner surface of the slat but also radiated by the slat trailing edge upwards
where the diﬀraction occurs. The waves are bent after traveling through the gap
between the slat trailing edge and the main element leading edge and spread out.
When the mean ﬂow is applied, it is revealed that the wavefronts are compressed
upstream and attenuated downstream. The reﬂected waves by the slat pressure side
and the main element leading edge superimpose with the incident waves. Cancellation
of waves is observed under the slat.
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Figure 4.34: Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with line dipoles along a slat track (middle span).
From the directivity given in Figure 4.35 the impact of the mean ﬂow on the
propagation of this low-frequency noise is signiﬁcant. The noise level is increased
upstream from 150◦ to 200◦ due to the wave fronts compressed against the ﬂow.
However, it is also decreased downstream because the wave fronts are stretched along
the ﬂow. When the sound propagates to the slat trailing edge, the interaction of the
slat trailing edge with the sound waves acts as another source, which propagates sound
upstream. A signiﬁcant noise level drop is noticed at 40◦ which is the extension of the
direction of the slat chord. The interference by the main element upper surface with
the sound waves radiated from the slat trailing edge and its reﬂected waves causes
the cancellation at this angle.
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Figure 4.35: Directivities of radiated sound from line dipoles along a slat track.
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Figure 4.36: Noise level contour projection on the ground with the dipoles along the
slat track.
The noise contour projections on the ground are plotted in Figure 4.36. The
radiated energy increases 10% from 6.16× 10−10 to 6.82× 10−10 when the mean ﬂow
exists.
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4.3.4 Inﬂuence of slat track system on noise propagation
Noise radiated from the unsteady shear layer of the slat cusp is broadband with
frequency range between 1 kHz and 5 kHz. A compact noise source model was applied
to calculate the noise propagation of dipoles at four diﬀerent frequencies, namely 1
kHz, 2 kHz, 3 kHz and 5 kHz. The results of the 4 kHz case have been presented in
the previous Section. The dipoles are evenly distributed along the spanwise direction
near the slat cusp. Figures 4.37 and 4.38 display the instantaneous acoustic ﬁelds for
cases with dipoles of various frequencies placed along the slat cusp.
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Figure 4.37: Contours of instantaneous pressure perturbations with sources of diﬀer-
ent frequencies for the baseline conﬁguration.
It is found that the sound waves propagating in HLDs are strongly frequency
dependent. The sound propagating outwards depends signiﬁcantly on the ratio of
sound wavelength to the openings. Diﬀraction is most signiﬁcant for waves with a
wavelength comparable to the gap between the slat and the main element leading
edge. When the frequency of the dipole is 1 kHz, the wavelength is 25 times gs
and most noise is radiated downwards. Only a small proportion of noise from the
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slat cusp propagates upwards through the gap and this is radiated mainly by the
slat trailing edge propagating upstream. With the dipole frequency increasing, more
noise passes through the gap. The main direction of noise propagating upwards also
shifts with the frequency increasing from upstream to downstream. This is due to
the interaction of the sound waves with the cut-out sharp edges becoming stronger.
When the frequency increases to 5 kHz, the ratio of the sound wavelength to gs is
5. Clearer diﬀraction patterns are displayed in Figures 4.37 (d) and 4.38 (d). In the
direction towards the ground, the interference of the directly radiated waves with the
reﬂected waves by the slat lower surface and the slat track causes strong cancellation
at some angles. However this phenomenon is not observed for the case at 1 kHz
where the wave length is long enough so that the phase diﬀerence of the two sets of
waves has a negligible eﬀect. Comparing the directivities in Figure 4.39, the higher
the source frequency the more noise is radiated towards the ground.
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Figure 4.38: Contours of instantaneous pressure perturbations for the conﬁguration
with the slat track system with sources of diﬀerent frequencies.
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Figure 4.39: Directivities of radiated noise of sources with diﬀerent frequencies for
the two conﬁgurations with and without the slat track system.
4.3.5 Acoustic ﬁeld reconstruction in slat cove region.
Because of the linearized nature of sound, an acoustic ﬁeld can be reconstructed by
linearly superimposing acoustic ﬁelds from all the sources based on their adjusted
strengths. The eﬀective acoustic source is proportional to d2 p′
rms/dt2, where p′ is
the acoustic pressure. Root-mean-square (RMS) values of the time derivative of the
pressure perturbations dp′
rms/dt can be calculated from a separated DES simulation
carried out for the baseline conﬁguration. Details of this simulation are given in the
next chapter. Due to the inﬂuence of the slat track system on the aerodynamics in
the slat region, the slat track system noise is strongly coupled with the slat noise.
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To eliminate the eﬀect of the slat track system, strength comparison is based on the
baseline conﬁguration. We mainly concerned with the strength of the cusp noise
and the trailing edge noise. From Figure 4.40 (a), the strength of the source at the
trailing edge is 2.292 times that at the cusp. The directivity plot shown in Figure
4.40 (b) is evaluated by the superposition of noise contributions from the sources of
slat cusp and the trailing edge based on their adjusted source strengths. It is seen
that more noise is radiated upwards since the source from the slat trailing edge is
stronger than that from the slat cusp. The predicted directivity for the baseline case
presents a similar noise propagation orientation in the far ﬁeld as Khorrami’s [21]
CFD simulations. The discrepancies observed are noticeable. Less noise is radiated
downwards and upstream. The two regions where the sound cancels out are not
clear in our compact source simulations. There are two possible reasons for this.
Firstly, the compact model only considers the eﬀect on noise propagation. Secondly,
other noise sources, such as the recirculating ﬂow and the slat leading edge, are not
considered in our simulations of the compact model.
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Figure 4.40: Directivities of the radiated sound from the strength-adjusted sources
for the two conﬁgurations with and without slat track and cut-out.
4.3.6 Summary
This section introduced the compact source model and its application to simulate the
sound propagation and convection in the slat cove region. The existence of the slat
track system modiﬁes the sound propagating paths. The phases of the incident waves
and the reﬂected waves are changed after propagating through the slat connection
components. This leads to various cancellation patterns appearing in the slat cove
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region. The noise radiated from the sources at diﬀerent positions within this region
is signiﬁcantly reinforced and radiates more energy towards the ground. Sources with
diﬀerent distribution proﬁles and frequencies were simulated. Directivities in the far
ﬁeld are found to be dependent on the source position and frequency but independent
of the source distributions if the unit strengths are identical.
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Although the noise from the slat accessories has been found to be non-negligible in
experiments, the mechanism of the slat track system noise have not yet been fully
understood due to the diﬃculties caused by the complex geometry and the high
Reynolds numbers needed for practical applications. In this chapter, the aerodynam-
ics and aeroacoustics of the slat track system are investigated using DES.
5.1 Geometry and Calculation Setup
Simulations were performed on two 1/8th scale HLD models with and without the
slat track system. A sketch of the model with the slat and the ﬂap deployed for
landing conﬁguration has been given in Figure 1.4. Geometric details of this model
are given earlier in Table 4.3 in Chapter 4.
In this study, the slat, the main element and the ﬂap are assumed having sharp
trailing edges while still maintaining their respective cambers to reduce the calculation
cost. It is diﬃcult to generate high resolution structured grids at an aﬀordable level
for such a complex geometry if all model details are included, so a compromise like
this is needed. This modiﬁcation of geometry avoids the need to resolve the small
trailing edge thickness, which would require a very ﬁne mesh to capture the high-
frequency vortex shedding behind the trailing edges. Previous studies [37, 108] have
shown that a sharpened slat trailing edge has no eﬀect on the cove dynamics except
for the formation of the vortex shedding at the slat trailing edge. Because this work
is focused on the slat track system noise as regards the interaction of the shear
layer with the track and cut-out, this simpliﬁcation allows additional points to be
accumulated around the track system to better resolve the ﬂow around the slat track
system and the nearﬁeld acoustic radiation from it. Another compromise made was in
using the rectangular cross section track rather than the I-beam track. The acoustic
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discrepancies caused by the diﬀerent shape tracks have been discussed in Chapter 4.
Stronger vortices are shed oﬀ the rectangular track resulting in a louder noise being
generated.
Figure 5.1: Sketch of the computational domain (not to scale).
The 3-D grids were generated by extruding the 2-D grid in the spanwise direction.
The spanwise domain length chosen was to be the distance between the two middle
points of the adjacent tracks. Overall the computational domain extends 5 times the
mean chord upstream, 9 times the mean chord downstream and 0.36 times the mean
chord in the spanwise direction as shown in Figure 5.1. Fine grids were generated to
ensure proper resolutions for the DES study especially in the slat cove region. The
ﬁrst point oﬀ the slat track and the cut-out surfaces was placed to give y+ order
of 1. Special care was taken when the grids were generated for other solid surfaces
to ensure that an accurate ﬂow ﬁeld could be obtained with an acceptable number
of points. The whole domain is divided into two regions. Patched structured grids
shown in Figure 5.1 (dashed line) are employed to reduce the total number of cells
for all calculations. The inner zone close to solid surfaces of the wing was meshed
with high resolution; Cells are mainly clustered around the solid surfaces of the slat
track, the slat joint and the cut-out in order to resolve the boundary layers on the
solid surfaces, capture the ﬂow separations around the slat track system and better
simulate the turbulent wake from those structures. In the outer zone, a coarser grid
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was created with grid spacing gradually stretched to 1.5 times the ﬁne grid within
half of the chord in the wake in the streamwise direction and 5 times the spacing
after the wake.
The grid quality is examined by calculating grid equiangular skewness, and cell
aspect ratio. The highest skewness values about 0.5 are seen near the sharp corners
of the main element cut-out and quickly drop down to 0.1-0.3 in the slat cove region
as shown in Figure 5.2. Therefore, the equiangular skewness values of this grid are
accepted to obtain a fairly accurate solution.
Figure 5.2: Close-up view of skewness distribution in the slat region.
The aspect ratio is determined by the size of the minimum element edge divided
by the size of the maximum element edge. In DES, aspect ratio aﬀects the position of
LES-RANS interface. Large aspect ratio over the boundary will delay the calculation
switched from RANS to LES because the turbulence model is changed until turbulent
length scales are smaller than the maximum grid spacing △ = (△x,△y,△z)max.
Therefore the grid has to be carefully designed for DES to ensure the LES is switched
on at proper position. In Figure 5.3, distribution of approximately cubic cells in the
slat cove region is the less expensive way to obtain desired behaviour since the small
scales occupy the slat cove region due to the existence of the slat track system.
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Figure 5.3: Close-up view of contours of cell aspect ratio in the slat region.
The grid used for the conﬁguration without the slat track system has 5,087,450
cells divided into 97 blocks, while the case with the slat track system has 5,369,516
cells with 290 blocks. A close-up view of the cell distribution on the solid surfaces in
the slat cove region is shown in Figure 5.4.
(a) (b)
Figure 5.4: A close-up view of the 3-D grid for the conﬁguration with the slat track
system in the slat region from diﬀerent directions.
Two kinds of FW–H integration surfaces were used for the farﬁeld calculations:
1) an on-body surface which includes solid surfaces of all the elements; 2) an oﬀ-body
surface covering the slat and the front part of the main element, this includes all the
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major sources in the slat region as is displayed in Figure 5.5. In contrast to previous
isolated slat track simulations, the main strong vortical activities are involved in the
permeable integration surface without being convected through to avoid aﬀecting the
FW–H prediction accuracy. 72 observers are evenly spaced on the mid-span plane
100 meters from the slat trailing edge of the 3-D geometry anti-clockwise starting
from the positive direction of the x–axis.
Figure 5.5: Position of the oﬀ-body FW–H surface.
All computations were performed at a free-stream Mach number of 0.23 and an
angle of attack (AOA) of 5◦. A detailed discussion of the eﬀect of AOA on overall noise
level in the slat cove region has been made in Chapter 1 that higher but moderate
AOA than 5◦ may result in the reduction of the noise level in the slat cove region.
In this work, the typical descent angle, 5◦, during approach to landing at an altitude
of 120 meters is chosen. The corresponding Reynolds number is 3.9 × 106, based on
the stowed mean chord length of the wing and the free-stream velocity. A second-
order upwind diﬀerential scheme was chosen for the spatial discretization. Time
advancement based on a second-order implicit scheme was used in conjunction with
the dual time stepping method. Twenty sub-iterations were run at each time step. A
time step of 10−5 seconds was adopted to advance the solution in time. Using 24 2.6
GHz Intel Sandy bridge CPUs with 64 GB of RAM per 16-core node. The case needs
43.2 seconds CPU time every time step (20 sub-iterations). It takes 922 time steps
for the ﬂow to convect one stowed chord length. Flow quantities, such as CL and CD,
were monitored to ensure that the ﬂow is statistically fully converged before starting
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to collect the statistics and acoustic source data. 60,000 time steps were run for both
cases to allow the transient ﬂow to be washed out, which takes 0.6 seconds. This
duration contains in excess of 65 cycles which each cycle represents the convective
time scale for the ﬂow travels one reference chord. The statistic and acoustic data
were calculated for another 10,000 time steps, giving a signal record length of 0.1
seconds. The farﬁeld radiated noise was predicted for a frequency range of 10 Hz to
50 kHz.
5.2 Eﬀects of the Slat Track System on HLD Aero-
dynamics
The following two sections investigate the inﬂuence of the slat track system on HLD
aerodynamics and aeroacoustics by comparing the ﬂow ﬁeld and the acoustic ﬁeld of
the slat track case with those of the baseline case. Aerodynamic impact is discussed
in this section, and aeroacoustic impact is studied in the next section.
5.2.1 Wing performance
Figure 5.6 compares the mean pressure coeﬃcient cp along each part of the HLD
surface at Position S1 (deﬁned earlier in Figure 5.19 as a cross section cut through
the middle of the slat track) for the two conﬁgurations with and without the slat
track system.
The presence of the slat track system has limited eﬀect on the slat suction surface
mean pressure distribution as displayed in Figure 5.6 (a). The diﬀerence of cp for the
two conﬁgurations slowly increases, with the maximum diﬀerence of observed near the
slat trailing edge with δcp = 0.27. On the slat pressure side, the rear peak of the mean
pressure coeﬃcient shifts from x/c = 0.6 for the baseline case to x/c = 0.66 with the
slat track. This change is related to the displacement of the reattaching point under
the slat. The existence of the cut-out allows the cusp shear layer to develop over
a longer distance, therefore the reattaching point under the slat is pushed closer to
the slat trailing edge. Lift coeﬃcients on the slat surface for both conﬁgurations are
compared. The lift coeﬃcient of the slat dropped 6.7% from CL = 0.59 to CL = 0.55
with the slat track system added on.
Figure 5.6 (b) shows the mean pressure coeﬃcient distribution on the main ele-
ment. The vortex shedding oﬀ the main element leading edge cut-out results in a
strong adverse pressure gradient right behind the cut-out upper edge. Due to the
turbulent boundary layer reattachment on the main element upper surface caused by
the quick interaction of the slat wake and the cut-out vortex shedding, the resulting
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low speed ﬂow in the boundary layer leads to the value of cp going up from -3.62
to-2.1, higher than the cp on the suction surface of the baseline conﬁguration.
Pressure coeﬃcient on the ﬂap are almost identical for both the two conﬁgurations,
as shown in Figure 5.6 (c). The ﬂap suction surface for the baseline conﬁguration
has a slightly higher pressure than that of the slat track conﬁguration. The absolute
value of cp is decreased by 0.06 which has negligible eﬀect to the overall lift.
(a) slat (b) main element
(c) ﬂap (d) track
Figure 5.6: Comparison of the time-averaged pressure distribution on each component
of HLDs at Position S1.
Figure 5.6 (d) shows the mean pressure coeﬃcient distributions on the slat track.
cp values change along the streamwise direction which extends from x/c = −0.005 to
x/c = 0.122. The pressure diﬀerences on the track top and bottom surfaces start to
increase signiﬁcantly at x/c = 0.63 which is approximately the reattaching point of
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the circulation zone underneath the track. A close-up view of the calculated time-
averaged streamline coloured by the mean pressure around the slat track is plotted
in Figure 5.7. The slat cusp shear layer impinges on the lower surface of the track. A
high pressure area underneath the track is created around the stagnation point where
cp reaches the highest value at point b (show in Figure 5.7). Two streams of the ﬂow
bypass the track surface, and the ﬂows are convected by the mean ﬂow through the
gap between the slat and the main element. They are then accelerated resulting in
a low-pressure zone forming above the end of the track. The diﬀerence in pressure
above and below the track shows that the slat track acts as a contributor to the lift.
The coeﬃcient of lift of the track is calculated by integrating cp over the track upper
and lower surface CL = 0.97.
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Figure 5.7: A close-up view of time-averaged streamlines around the slat track com-
pared with baseline case.
At Position S3, which is far away from the slat track system, there is small diﬀer-
ence in the pressure distribution on the HLD surfaces as shown in Figure 5.8.
Figure 5.8 displays a typical pressure distribution on multi-element HLDs with a
slight diﬀerence on the slat and ﬂap suction surface between the two conﬁgurations,
slightly higher cp values are observed for the conﬁguration with the slat track system
added on.
To further investigate the inﬂuence of the slat track system on the ﬂow properties,
the time histories of the lift (CL) and drag (CD) coeﬃcients for the two conﬁgurations
with and without the slat track system are compared in Figures 5.9. At the beginning
of the simulations, the coeﬃcients change quickly when the ﬂow adapts from the given
initial conditions, then oscillate around a mean level after the transient process is
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ﬁnished. The ﬂow is always unsteady in nature, therefore the lift and drag coeﬃcients
never converge to a constant value. The diﬀerences in the mean value of CL for the
two conﬁgurations at a steady state after 0.25 seconds are 0.04 and the mean value
of the drag coeﬃcient increases 0.0087. Therefore, with the slat track added there is
an increase in lift and the drag is also increased slightly.
(a) slat (b) main element (c) ﬂap
Figure 5.8: Comparison of the time-averaged pressure distribution on each component
of HLDs at Position S3.
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Figure 5.9: Comparison of the lift and drag coeﬃcients.
The RMS values of CL and CD for the baseline conﬁguration are 0.802 and 0.04,
however with the slat track system added, the RMS value of the lift coeﬃcient in-
creases 7.2% to 0.86 and the RMS of the drag coeﬃcient increased 12% to 0.045.
This also proves that the existence of the slat track system increases the oscillations
in lift. It is known that for low Mach number ﬂow, the oscillating force on the surface
will generate noise, especially when the RMS value of lift is much much higher than
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that of the drag. This shows that the existence of the track system would cause more
noise to be radiated from the HLDs.
Based on above discussion, it is found that although diﬀerent cp distributions
around the slat track system are observed, the impact of the slat track system on the
overall lift of the wing is limited because the area of the slat track and the cut-out
only occupy a small portion of the total wing span area. However the change in the
RMS value may inﬂuence HLD aeroacoustics.
5.2.2 Time averaged ﬂow ﬁelds
The time-averaged velocity contours and streamlines in the slat cove region are plotted
in Figure 5.10.
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Figure 5.10: Contours of time-averaged velocity and streamlines around the slat at
diﬀerent spanwise cross sections.
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At Position S3, where the ﬂow is less aﬀected by the slat track system, the ﬂow
displays similar patterns for both conﬁgurations. A low speed recirculation zone
enclosed by a shear layer is observed in the slat cove. The ﬂow escaping from the
recirculation zone is accelerated through the gap and forms a thin boundary layer
on the upper surface of the main element. However, the mean streamlines have
3-D helical shape in the slat cove with the slat track compared to the quasi 2-D
recirculation in the slat cove for the baseline case. The signiﬁcant eﬀect of the slat
track system is observed at the area near the track and cut-out, displayed in the
plots for Position S2 and Position S1. At Position S2, which cuts through the cut-out
but not the track, due to the existence of the cut-out, a shorter and wider passage
between the slat trailing edge and the main element leading edge causes the ﬂow to
travel a shorter distance to merge with the slat wake. The low speed ﬂow passing
by the gap contains less kinetic energy. However this does not imply that the ﬂow
will produce less noise because the noise generation is related to the intensity of the
vortical activity in this area. At Position S1, which cuts through the middle of the
track system, the ﬂow is separated by the slat track and forms two recirculation zones
over and beneath the track. According to the analysis of cp on the slat track in Figure
5.6 (d), the two recirculation areas lead to lower pressure on the upper surface and
higher pressure on the lower surface of the track. This pressure diﬀerence contributes
to the overall lift.
In the absence of the slat track system, a thin boundary layer initially devel-
ops over the streamlined main element leading edge and develops parallel with the
boundary layer on the slat upper surface. It starts to merge with the slat wake until
half way through the main element chord as sketched in Figure 5.11 for the baseline
conﬁguration.
Figure 5.11: General features of a ﬂow over a multi-element aerofoil [7].
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This phenomenon has been given a clear description of the mean ﬂow development
over the main element to explain formation of the conﬂuent boundary layer over the
main element by Thomas et al. [109]. However, when the ﬂow passes the wing with
an engraved cut-out leading edge, a strong interaction of vortices from the sharp
edges of the cut-out with the slat wake occurs over the cut-out which leads to the
slat trailing edge wake being pushed up slightly. The vortical activity in the mixing
region increases dramatically and results in a more turbulent boundary layer over the
main element. This unstable boundary layer over the main element not only acts as a
noise source but also as a noise ampliﬁer. The noise emanated upstream is enhanced
and feeds back into the slat cove, possibly becoming part of an acoustic feedback
mechanism.
The eﬀect of the slat track system on the ﬂow over the main element is also of
concern. Mean velocity proﬁles are extracted from four positions over the main ele-
ment shown, as in Figure 5.12, and compared to the baseline case. Velocity proﬁles
at these positions are plotted in Figure 5.13 to describe the evolution of the interact-
ing ﬂow of the cut-out vortex shedding and the slat wake, and the boundary layer
developing over the main element. Position (a) is right behind the slat trailing edge;
Position (b) is right behind the cut-out; Position (c) and Position (d) are before and
behind the middle streamwise span positions respectively.
Figure 5.12: Positions of monitor lines along the wing.
At the ﬁrst position, where x/c = 0.095, the slat wake still keeps a certain distance
from the boundary layer on the main element upper surface for both cases. The two
peaks under the slat trailing edge (y/c=0.152) observed in Figure 5.13 (a) for the case
with the slat track system are caused by the energetic ﬂow through the gap. Further
downstream to position at x/c = 0.125, it is seen that the velocity proﬁle close to
the wall exhibit classic log law of the wall viscous boundary layer. No evidence that
the boundary layer over the main element has been aﬀected by the slat wake up to
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this position for the baseline conﬁguration. However, when the slat track system is in
place, the boundary layer is pushed slightly upwards by the strong ﬂow separation oﬀ
the cut-out and interacts with the slat wake immediately to form a thicker boundary
layer. At position x/c = 0.3, the boundary layer over the main element has nearly
fully interacted with the slat trailing edge wake for the slat track case. However the
slow interaction is conﬁned within the slat trailing edge inner wake for the baseline
case until position x/c = 0.6 where the mean velocity trough in the centre of the
wake disappears. The mixed ﬂow forms a thick conﬂuent boundary layer above the
wing. Comparing the fully interacting ﬂows over the main element, it is seen that
a thicker boundary layer forms on the suction surface of the main element with the
slat track system in place.
(a) x/c=0.095 (b) x/c=0.125
(c) x/c=0.3 (d) x/c=0.6
Figure 5.13: Comparison of the interacting ﬂow development above the main element
suction surface for two conﬁgurations with and without the slat track system.
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Generally, for both cases with and without the slat track system, the ﬂow mainly
attaches on the main element suction surface without separation. A transit ﬂow sep-
aration occurs at the cut-out edges but the separated ﬂow re-joins the main stream
over the main element and forms a turbulent boundary layer. The skin friction coef-
ﬁcient over the main element surfaces for the two kind of conﬁguration is compared
in Figure 5.14. The negative value of cf appears near the edges of the cut-out but
is increased to be positive over a short distance. This is because the existence of
the cut-out causes a strong turbulent boundary layer over the main element, but
the increased transport of momentum from the free stream to the wall increases the
streamwise momentum in the boundary layer. This allows the ﬂow to overcome the
adverse pressure gradient and resist the separation.
Figure 5.14: Comparison of skin friction coeﬃcient over the main element surfaces .
The existence of the slat track system also inﬂuences the ﬂow around the ﬂap.
The streamlines and the mean velocity contours around the ﬂap across three typical
spanwise positions in the ﬂow ﬁelds for the two conﬁgurations are highlighted in
Figure 5.15 and Figure 5.16.
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(c) Position S3
Figure 5.15: Contours of the time-averaged velocity and streamlines around the ﬂap
without the slat track system.
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Figure 5.16: Contours of the time-averaged velocity and streamlines around the ﬂap
with the slat track system.
The streamlines around the ﬂap surface show the ﬂow separation by direction near
the ﬂap upper surface. For both conﬁgurations, ﬂow separation happens on the ﬂap
leading edge. The ﬂow accelerated through the gap between the main element and the
ﬂap interacts with the main element wake. This mixing ﬂow overcomes the viscosity
of the boundary layer and separates behind the ﬂap leading edge. A low-pressure area
under the separated shear layer creates a large adverse pressure gradient, which results
in ﬂow separation over the ﬂap and a large reversing ﬂow. The large recirculation
region downstream of the detachment line is based on near-wall ﬂow in the upstream
direction with a dominant component in the spanwise direction. The upwash-eﬀect
decreases the velocity near the wall of the ﬂap trailing edge. This large recirculation
ﬂow behaves like a ﬂap with a less eﬀective chamber and produces a lower suction
peak. At positions S1, S2 and S3, one dominant recirculation zone is formed over
the ﬂap for the baseline case. While the recirculation near the trailing edge becomes
dominant over the ﬂap in the conﬁguration with the slat track at Position S1 and
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Position S2 and a slightly more complex ﬂow ﬁeld at Position S1 is shown in Figure
5.16 (c) where the adverse pressure gradient over the ﬂap is not strong enough to
push the ﬂow to form a recirculating zone behind the separation point near the ﬂap
leading edge quicly. From the diﬀerence of mean cp values over the ﬂap in Figure
5.8, we can see that the pressure on the suction surface of the track conﬁguration
is higher than that on the upper surface of the baseline case. Therefore a decreased
pressure diﬀerence between the upper and belower surfaces of the ﬂap for the slat
track case results in the larger recirculation zones formed at Position S1.
The contour lines for the mean velocity along x direction (U = 0) at Position S1
for the both conﬁgurations. The length of the recirculation zone behind the ﬂap for
the case with the slat track system in place is 0.3c, which is 20% longer than that for
the baseline case in the streamwise direction.
(a) without the slat track system (b) with the slat track system
Figure 5.17: Comparison of contour lines over the ﬂat for U = 0 at Position S3.
The ﬂow developing over the ﬂap is investigated by comparing the mean velocity
proﬁles along two lines over the ﬂap (Figure 5.18) at Position S3, where the ﬂow ﬁelds
show a signiﬁcant diﬀerence (see Figures 5.15 and 5.16). Along the line x/c = 0.95c
as show in Figure 5.19 (a), the starting point of this line is within the boundary layer
but still has a distance from the wall. It is observed that the velocity magnitude
ﬁrstly increases as it departs from the non-slip wall and reaches maximum when the
ﬂow is out of the log-law layer. Then the velocity magnitude decreases constrained
by the viscosity layer of the main element. The ﬂow is however re-accelerated by the
high speed ﬂow over the main element trailing edge. The mean velocity proﬁles at
this position are almost identical for both cases except that the ﬂow has a slightly
higher mean velocity peak for the baseline case. The signiﬁcant discrepancy in the
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velocity proﬁles is found at the ﬂap trailing edge. Behind the ﬂap trailing edge at
x/c = 1.125, as show in Figure 5.19 (b), the adverse pressure gradient exists in the
ﬂow above the ﬂap trailing edge which leads to a reversing ﬂow over the ﬂap for
both cases. A recirculation zones with negative velocity are clearly seen between
y = −0.045 and y = 0.04 for the baseline case. A wider zone is formed between
y = −0.051 and y = 0.89 for the case with the slat track system added-on. The
strong vortical activities in the conﬂuent boundary layers over the main element
reduce the speed of the mixing ﬂow of the main element wake and the separation of
the shear layer from the ﬂap leading edge. The subsequent weaker adverse pressure
on the ﬂap suction surface results in a smaller recirculation zone being formed above
the ﬂap for the case with the slat track system.
Figure 5.18: Positions of the monitor lines.
1025. DES OF 3-D HLD CONFIGURATIONS
(a) leading edge
u/u∞
y
/
c
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
-0.05
0
0.05
0.1
0.15
with the slat track system
without the slat track system
(b) trailing edge
Figure 5.19: Time-averaged velocity proﬁles along two monitor lines.
5.2.3 Turbulent statistics
Turbulent kinetic energy (TKE) is the time averaged kinetic energy of ﬂuctuation
velocity per unit mass associated with eddies. It is obtained by taking the trace of
the Reynolds stress tensor which equals to
1
2(< u′u′ +v′v′ +w′w′ >) [110]. It reﬂects
the level of ﬂow unsteadiness in turbulent ﬂow [111]. TKE is able to account for the
motion of large scales which contain most of the energy of a turbulent ﬂow. Therefore
we can use it to analyze the vortical activities of the ﬂow. TKE levels in the slat cove
region are compared in Figure 5.20.
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Figure 5.20: Contours of TKE distribution around the slat for the two conﬁgurations
at diﬀerent spanwise cross sections.
Without the inﬂuence of the slat track system, high TKE levels appear along the
shear layer trajectory, caused by the instabilities of the shear layer being strongly and
rapidly distorted by the mean ﬂow. Near to the slat track system, the TKE levels
reveal diﬀerent patterns as seen in Figure 5.20 (c) and (d). Very high TKE levels
are observed near the solid surfaces of the slat track system where strong vortical
activities happen in the ﬂow as displayed in Figure 5.25 (c) and (d). The highest
TKE levels occur in the vicinity of the reattachment point under the slat and the top
edge of the cut-out, where strong interactions occur.
The inﬂuence of the slat track system can also be studied by examining the TKE
distribution in the slat cove region. A transversal (y − z) plane at x/c = 0.125,
which is directly behind the cut-out, is created as shown in Figure 5.21. The TKE
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contours in the three directions on this plane for the case with the slat track system
added are compared with the baseline case in Figure 5.22 and Figure 5.23. For the
baseline case shown in Figure 5.22, the streamwise RMS velocity ﬂuctuations are
primarily responsible for the 3-D TKE, while the spanwise RMS velocity ﬂuctuations
have lower levels. The amplitudes of < u′u′ > are two orders of magnitudes higher
than < w′w′ >. This ﬂow around the baseline conﬁguration is 2-D in character. In
contrast, when the track is added on, the high values in the proﬁles of < u′u′ >,
< v′v′ > and < w′w′ > in Figure 5.23 account for the 3-D characteristics of the
turbulent structures near the cut-out being convected through this monitor plane.
According to Lighthill’s theory, a higher turbulence level indicates a stronger noise
source. Therefore the strong 3-D vortical structures with high TKE level appearing
around the main element leading edge cut-out represent the generation of a loud
noise.
Figure 5.21: Position of the monitor transversal plane at x/c=0.125.
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Figure 5.22: Contours of RMS velocity ﬂuctuation on the transversal plane for the
baseline case.
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Figure 5.23: Contours of RMS velocity ﬂuctuation on the transversal plane for the
case with the slat track system.
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Figure 5.24: Contours of TKE distribution around the ﬂap for the two conﬁgurations.
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The eﬀects of the strong upstream turbulent ﬂow on the downstream ﬂap, when
the slat track system presents, are also investigated. The TKE contours around the
ﬂap are compared in Figure 5.24.
For both conﬁgurations, high TKE levels are found in the separated shear layer
from the ﬂap leading edge. As discussed above, the mixing layer of the main element
wake and the cusp shear layer are lifted with the presence of the slat track system.
The position of the shear layer originating from the ﬂap leading edge when inﬂuenced
by the slat track system is higher than that for the baseline case.
5.2.4 Instantaneous ﬂow ﬁeld
The properties of instantaneous ﬂow are also of concerned as they can reveal the
details of ﬂow unsteady dynamics at a particular time. The instantaneous vorticity
contours are compared in Figure 5.25.
At Position S3 the slat track system’s eﬀect is not signiﬁcant. Similar vortical
ﬁelds are observed in the slat cove region for both conﬁgurations in Figures 5.25
(a) and (b). A free shear layer is initiated at the slat cusp and develops further
downstream. The shear layer has a well-deﬁned path and thickness. It is concentrated
maintaining a thin width on the path towards the reattachment point. Along the ﬂow
path, some of the shear layer vortices are convected by the mean ﬂow downstream
through the slat gap. Some are trapped and go back to the recirculation region where
they diﬀuse and induce a secondary separation at the recess of the slat, a process is
believed to contribute to the overall noise. However, the ﬂow is altered signiﬁcantly
with the presence of the slat track system. At Position S2 the distorted shear layer
near the track is unstable and breaks into smaller discrete vortices. They are more
energetic and follow a chaotic path to roll up. The impingement of the vortices on
the slat suction surface causes the local unsteadiness to be ampliﬁed. The vortices
are either convected downstream or trapped and go back to the cove. The latter
ampliﬁes the vortical activity level in the slat cove. A feedback loop explains the
mechanism of the intensiﬁed slat cove instabilities which may lead to louder noise.
At Position S1, the shear layer emitted from the slat cusp maintains high vorticity.
Due to the blockage of the slat track, the shear layer traveling to the lower surface of
the slat track has to detour upwards around the track or rolls up under the track. The
vortices bypassing the track interact with the trapped vortices above the track and
result in stronger vortical activities which will produce more noise. The interaction of
the turbulent slat cove ﬂow with the slat track system surfaces and the lower surface
of the slat can be another important sound sources.
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Figure 5.25: Contours of instantaneous vorticity at diﬀerent spanwise cross sections.
The vorticity contours of three spanwise cross sections in the ﬂap region are com-
pared in Figure 5.26 and 5.27. The shear layer separated from the ﬂap leading edge is
instable by nature. Vortices with a positive sign initially separate from the ﬂap lead-
ing edge and grow downstream. Because the main element wake s within a narrow
section, lined with the main element cut-out, it is fully turbulent with the slat track
system in place and an earlier strong interaction of the main element cusp shear layer
and the wake is noticed. A longer trajectory of the unsteady shear layer appears for
the case with the slat track system. Interaction of the unstable wake of the main
element with the ﬂow separation from the ﬂap leading edge signiﬁcantly increases the
turbulent energy over the ﬂap and raises the separated layer slightly upwards over
the ﬂap.
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Figure 5.26: Contours of instantaneous vorticity around the ﬂap without the slat
track system at diﬀerent positions.
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Figure 5.27: Contours of instantaneous vorticity around the ﬂap with the slat track
system at diﬀerent positions.
A more revealing picture of the strong turbulent ﬂow ﬁeld is presented by examin-
ing the second invariant of the velocity gradient: the Q-criterion. Firstly, the vortical
structures in the slat cove where the iso-surface of Q = 8000 for these two conﬁgura-
tions are compared in Figures 5.28 and 5.29. The structures are colored with vorticity
magnitude in the range of 0 to 10000 s−1. The formation and subsequent behavior of
the vortical structures are signiﬁcantly diﬀerent for the two conﬁgurations. For the
baseline case, the large scale structures are dominant in the slat cove which is quasi
2-D. However the existence of the slat track system causes the ﬂow in the slat cove
region to be more unstable displaying strong 3-D characteristics. The interaction of
the slat cusp shear layer with the slat track system leads to the large scales being
broken down to small scales. Near the attachment point of the main element leading
edge, small 3-D structures displaying strong vorticity experience severe stretching
and distortion by the velocity gradient and are convected through the gap between
the main element and the ﬂap. It is believed that small scale structures generate
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high frequency noise while low frequency noise is related to large scale structures.
Therefore it is expected that more high frequency noise is generated for the case with
the slat track system.
Figure 5.28: Iso-surface of second invariant of the velocity gradient Q = 8000 around
the slat for the baseline conﬁguration.
Figure 5.29: Iso-surface of second invariant of the velocity gradient Q = 8000 around
the slat with the slat track system added.
In the baseline conﬁguration, after the ﬂow is convected over the gap between the
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slat trailing edge and the main element, a thin boundary layer forms on upper surface
of the main element. However strong vortex shedding oﬀ the cut-out interacting with
the slat wake soon leads to a thicker and more turbulent boundary layer over the
suction surface of the main element and downstream of the ﬂap, as shown in Figures
5.30 and 5.31. The vortical structures colored by the vorticity magnitudes around
the whole span of this scaled HLDs show strong turbulent activity over the wing.
The vortical structures also display strong 3-D characteristics
Figure 5.30: Iso-surface of second invariant of the velocity gradient Q = 8000 around
the HLDs for the baseline case.
Figure 5.31: Iso-surface of second invariant of the velocity gradient Q = 8000 around
the HLDs for the case with the slat track system.
The Eﬀects of the slat track system on the ﬂow over the ﬂap are investigated by
comparing a close-up view of the vortical structures around the ﬂap for the two cases
shown in Figures 5.32 and 5.33.
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Figure 5.32: Iso-surface of second invariant of the velocity gradient Q = 8000 around
the ﬂap for the baseline case.
Figure 5.33: Iso-surface of second invariant of the velocity gradient Q = 8000 around
the ﬂap for the case with the slat track system.
For the baseline conﬁguration, the vortical structures keep quasi 2-D in character
and are convected downstream over the main element. The 3-D vortical structures
appear after the main element wake interacts with the ﬂap leading edge separation.
However, the early interaction of the slat wake with the vortex shedding from the
cut-out already triggers the formation of strong 3-D vortical structures upstream over
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the main element. They are convected downstream and interact with the ﬂap leading
edge shear layer separated ﬂow.
5.3 Eﬀects of Slat Track System on HLD Aeroa-
coustics
Calculations for noise radiated to the far ﬁeld are based on an integral solution of
the FW–H equation. The slat track mainly interacts with the shear layer from the
slat cusp and cause additional vortical ﬂow within the slat cove region. The vortex
shedding from the cut-out is also identiﬁed as an important noise source. It would
thus be more logical when considering the slat track’s acoustic impact to include noise
from these sources. The quadrupole source generated by the strong turbulent ﬂow
around the HLDs, especially the vortex shedding oﬀ the cut-out has a non-negligible
contribution to the overall noise level, it is insuﬃcient to only calculate the noise
radiated from the surface sources and neglect those from the volume sources in the
HLD simulations. Therefore two FW–H integration surfaces covering diﬀerent ﬂow
areas were used to study the aeroacoustic impact of the slat track system. The on-
body surface coincides with the surface of a moving object and is mainly used to
investigate the surface noise. The oﬀ-body FW–H integration surface used here was
designed using Lockard’s choice[112] ﬁndings. According to Lockard [112], diﬀerent
oﬀ-body integration surfaces did not make any signiﬁcant diﬀerence in his results.
The permeable surface employed in this work only covers the slat, slat cove and
front part of the main element at the same position as the previous compact source
simulations. Any other choice for the integration surface might result in a diﬀerence
due to the diﬀerent coverage of the main element.
The inﬂuence of the slat track system on the noise radiated by each component
of the HLDs is discussed in depth below.
5.3.1 Inﬂuence on slat surface noise
Pressure ﬂuctuation levels on the slat surface of the two conﬁgurations with and
without the slat track system are plotted in Figure 5.34 to illustrate the impact of
the slat track system on the noise generated in the slat area. As can be seen, the
high pressure ﬂuctuations for the conﬁguration with the slat track system in place
are mainly observed on the lower surface of the slat over the cut-out. They are
ampliﬁed by the strong vortical ﬂow near the cut-out as discussed in Section 5.2.4.
The presence of the cut-out also ampliﬁes the instabilities in the boundary layer on
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the slat suction surface and causes strong pressure ﬂuctuations near the slat trailing
edge.
(a) without the slat track system (b) with the slat track system
Figure 5.34: Pressure perturbations on the ﬂap surface for two cases with and without
the slat track system.
According to the directivities plotted in Figure 5.35, it is obvious that the noise
levels increase in all directions when the slat track system is present. The most
pronounced eﬀect happens at the angle of 220o with a 16.9 dB increase, and an 8
dB noise level increase is observed at the dipole-like source in the main radiation
direction of310o. Right beneath the HLDs, the noise level increases 10 dB at 270o.
As discussed in the previous section, there are two major sources which contribute
to the slat surface noise. One is from the ampliﬁed vortical activities of the slat cove
ﬂow caused by the interaction of the slat cusp shear layer with the slat track. this
causes local pressure ﬂuctuations on the slat lower surface increasing signiﬁcantly.
Another contribution is from the interaction of the vortex shedding from the cut-out
with the slat trailing edge. Hence the slat trailing edge radiates signiﬁcant noise.
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Figure 5.35: Directivities of noise radiated from the slat surface for diﬀerent conﬁg-
urations.
5.3.2 Inﬂuence on ﬂap surface noise
The noise modiﬁcation on the ﬂap surface is also studied. In Figure 5.36, stronger
pressure perturbations are noted near the separating point behind the ﬂap leading
edge, here the baseline conﬁguration gives a stronger variation. This agrees with the
directivity results shown in Figure 5.37, which are calculated using the surface source
data on the ﬂap. The noise levels are attenuated with the slat track system added
on. The maximum reduction of 5.7 dB is found at 225circle. In the main radiation
direction perpendicular to the mean chord of the ﬂap, the noise level is decreased by
6.1 dB.
The noise reduction of the ﬂap surface noise is noticed in Figure 5.36. The sepa-
rated ﬂow near the ﬂap leading edge is 3-D, as displayed in Figure 5.33, in contrast
with the strong quasi-2-D vortical structures appearing behind the ﬂap leading edge
for the baseline case as shown in Figure 5.32. This change in ﬂow structures, espe-
cially in the strength and scale of the vortical ﬂow structures in the separated wake
over the ﬂap will change the noise source on the ﬂap surface. Organized 2-D vortex
shedding will lead to high level tonal noise while small scale structures will generate
broadband noise albeit at a lower level.
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(a) without the slat track system (b) with the slat track system
Figure 5.36: Pressure perturbations on the ﬂap surface for the two cases with and
without the slat track system.
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Figure 5.37: Directivities of noise radiated from ﬂap surface for diﬀerent conﬁgura-
tions.
5.3.3 Inﬂuence to overall noise level
Unsteady ﬂow data on the oﬀ-body integration surface which only includes the slat
region are collected as input to calculate the noise radiated to the far ﬁeld using
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FW–H solver. By comparing results from these two cases the eﬀect of the slat track
system on the overall slat noise level can be identiﬁed, as displayed in Figure 5.38.
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Figure 5.38: Directivities of radiated sound from two conﬁgurations with and without
the slat track system.
The directivity for the baseline case still depicts a dipole-like behaviour with the
maximum noise radiation direction normal to the slat chord as there are less vortical
ﬂow activities within the region covered by the FW–H surface compared to the track
case. However, the directivity shows a diﬀerent shape with the slat track system
added on, the vortical ﬂow within the cove makes an signiﬁcant impact to the farﬁeld
noise after interacting with the slat track. The maximum noise level ampliﬁcation is
21 dB at θ=30o and a 11 dB enhancement is found at 270o. Based on the analysis of
the aerodynamics and aeroacoustics in the previous section, three main contributors
are identiﬁed to be responsible for the noise level increments in the far ﬁeld: the
ampliﬁed slat surface noise, the slat track system surface noise and the noise from
the interaction between the vortical structures and the solid surfaces.
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Figure 5.39: Comparison of spectra at the point right beneath the HLDs.
FFT was performed using the data of acoustic pressure ﬂuctuation history at each
farﬁeld observer point. The spectra are calculated using a segment average technique
to obtain smooth proﬁles. The time history is divided into 30 segments with 50%
overlap. Spectra calculated from all segments are averaged to obtain the SPL. FFT
is performed for each segment with a Hann windowing applied. The spectra of the
monitoring points at 270o which are right beneath the wing for both conﬁgurations are
compared in Figure 5.39. It is seen that the presence of the slat track system produces
a measurable eﬀect across all frequencies. The spectra display both the broadband
and the tonal components that are prominent in a typical slat spectrum. The spectra
peak at frequency of 147 Hz is observed for the baseline case. The corresponding
Strouhal frequency of 1.3 is in good agreement with the universal curve as shown
in Figure 2.2. This frequency is consistent with the recorded pressure ﬂuctuations
near slat cusp (Figure 5.41) and indicate a connection with unsteady ﬂow structures
within the recirculation zone of the slat cove. With the slat track system added on,
the spectrum displays the character of broadband. The dominant frequency shifts
towards a higher frequency. The SPL peak is observed at frequency of 1447 Hz, which
is related to interaction of the slat track interacting with the slat track because it only
appears when the slat track is in place (also seen in Figure 6.15 and 6.16). Compared
with the baseline case, the overall noise level is increased globally over the whole
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frequency band especially in the high frequency region due to the breakdown of the
turbulence structures caused by the interaction of the large scales with the slat track
system.
Another two monitor points are placed near the slat trailing edge and the slat
cusp respectively to investigate the eﬀects of the slat track system on the noise prop-
agation in the near ﬁeld. The acoustic spectra of the corresponding observers for
both conﬁgurations are compared in Figures 5.40 and 5.41.
Spectrum for the baseline conﬁguration has a dominant frequency range within
100 Hz to 1 kHz with three peaks at 147 Hz, 667 Hz and 948 Hz. Because the noise
radiated from the slat cusp shear layer has been identiﬁed primarily broadband, it
may be responsible for the latter two frequencies. And the frequency increases as the
shear layer develops downstream (breaking in to small vortices and rolling up).
However, the pressure spectra are broadband in nature over a wide frequency
range the case with the slat track system in place. The SPL increases at all the
frequencies especially in the high frequency band. The low frequency peak at 147 Hz
observed in the spectrum of baseline case is overwhelmed and the dominant frequency
shift can be explained by the turbulent structure distribution in the slat cove region
shown in Figure 5.28 (b). The slat cove region near the slat track and the cut-out is
dominated by the small scale structures with high vorticity which are believed to be
responsible for high frequency noise.
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Figure 5.40: Comparison of spectra at the monitor point near the slat trailing edge.
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Figure 5.41: Comparison of spectra at the monitor point near the slat cusp.
5.3.4 Comparison of slat noise and slat track system noise
From previous analysis, it has been found that the slat track system makes a signif-
icant contribution to the overall noise level. The importance of the slat track noise
compared with the noise generated by other components of HLDs is shown in Figure
5.42.
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Figure 5.42: Directivities of noise radiated from surface of diﬀerent components.
The noise produced by the slat, slat track, cut-out and ﬂap display the directivity
of a dipole source with its own axe perpendicular to the component’s mean chord.
From this calculation it can be concluded that the slat and ﬂap generate much louder
noise than the slat track since their surface areas are much larger than the slat track’s.
The maximum diﬀerence is 22.9 dB at the angle of 30o, while a 12.8 dB diﬀerence is
observed at a radiation angle of 270o. It is worth noticing that the noise from the cut-
out is also signiﬁcant. It is mainly radiated horizontally upstream and downstream.
little noise is observed to propagate vertically. In the direction right beneath the
airfoil, the slat, slat track and ﬂap make the most contributions to the noise. But
the cut-out surface noise has high levels radiated to the ground at other angles which
can not be ignored.
To further quantify the relative importance of the sources in the slat cove region,
the source strengths of the noise from various components of the HLDs are compared.
Figure 5.43 shows the RMS values of dp/dt at Position S1 on the slat, slat track and
cut-out, which represent the corresponding surface noise source strengths.
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Figure 5.43: Comparison of source strength on surfaces of the slat, slat track and
cut-out.
The plot shows that the strong noise source is focused on the cut-out surface
where the highest value of dprms/dt is observed. The peaks of source strength on
the slat and track nearly coincide at x/c = 0.12 and x/c = 0.122, linked to the
localized high unsteadiness caused by the impingement of the slat cusp shear layer
on to the slat and the track lower surfaces. The rapid developing instabilities interact
repeatedly with the slat and track and lead to higher ﬂuctuation levels on the slat
pressure surface and the track at the attachment point. The source strength from the
track is 1.5 times higher than that from the slat at this point. Although sources on
the slat track and cut-out display stronger strength, they have much a smaller area
than the slat. The noise level in the far ﬁeld is determined by the integration of the
source strength over all the source area. Therefore, although the slat has a weaker
noise source distribution it is still the most important noise contributor to the overall
noise. Track surface sources contribute less to far ﬁeld noise compared to slat and
ﬂap surface sources The change in ﬂow dynamics due to the presence of the slat track
could change the ﬂuctuation pressure on the slat surface which could then result in
more noise from the slat being radiated to the far ﬁeld.
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5.4 Summary
Generally, the existence of the slat track system results in a more complicated ﬂow
ﬁeld within the slat cove, around the slat and the main element. It also changes the
ﬂow further downstream and inﬂuences the main element boundary layer and the
ﬂow over the ﬂap. In the slat cove region, the slat track exists and interacts with the
slat cusp shear layer. Large scale turbulent structures are broken down to small scale
ones. Also the presence of the slat track increases the instability of the slat cove and
generates a wake behind it consisting of strong small scale vortices. The shear layer
bypassing the track hits on the cut-out surface and forms vortices which shed oﬀ the
cut-out edge further downstream. The wake behind the track and vortices shedding
from the cut-out are convected by the mean ﬂow over the gap between the slat and
the main element leading edge and interact with the slat trailing edge wake. An
unstable conﬂuent boundary layer forms above the main element, which is believed
to be an important noise source. Also the interaction of the cusp shear layer with the
slat track is intensiﬁed by the instability in the slat cove area which leads to more
noise being radiated towards the ground. Because the strong small vortical structures
dominate the ﬂow ﬁeld inside the cove when the track is added, the frequency band
is broadened and the dominant frequencies shift towards the high frequencies. This
trend of the changing spectrum agrees with the experimental test performed in JAXA
[15].
Although the slat track system changes the aerodynamics and aeroacoustics of
the airfoil, it only has a limited eﬀect on the airfoil’s performance since the slat track
system only occupies a small part of the total wing area.
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Noise Reduction Approaches
Noise reduction approaches can be classiﬁed into active and passive treatments. Ac-
tive reduction methods work on the noise generation, trying to minimize the noise
generated by changing the main inﬂuencing factors. Passive approaches aim to at-
tenuate the generated noise that will propagate to the receivers. In this chapter, two
kinds of slat track system noise reduction methods are studied: a) a modiﬁcation of
the geometry; b) applying acoustic absorbing bulk material. Approach (a) takes the
active approach by altering the wing geometry to eﬀectively reduce the ﬂow gener-
ated noise. As a component with a small area but introducing a strong turbulent
vortical ﬂow, the main element leading edge cut-out is identiﬁed as an important
noise generator based on simulations in the previous chapter. Three conﬁgurations
with modiﬁed cut-out shapes are simulated using DES method. Approach (b) tries
to absorb the generated noise so that the perceived noise at the far ﬁeld is dimin-
ished. The eﬀectiveness of noise absorption material applied on the cut-out surfaces
is discussed. The noise attenuation level and the range of frequencies over which
the absorption occurs are investigated. The pros and cons of these two methods are
compared and then discussed in depth.
6.1 Modiﬁcations of the Cut-out Geometry
Numerical results discussed in previous chapters show that the interaction of the
strong vortex shedding from the cut-out edges with the slat wake was identiﬁed as one
of the most important noise sources. In this section, three modiﬁcations to the cut-out
are proposed to weaken the strength or eliminate the vortex shedding oﬀ the cut-out
sharp edges: a sealed cut-out, an edge-rounded cut-out and edge-chamfered cut-out.
Numerical simulations using DES are run for these three modiﬁed geometries. Results
of the simulations are discussed to analyze the aerodynamic and aeroacoustic eﬀects.
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6.1.1 Cut-out geometry modiﬁcations
The principle applied in this work to attenuate the cut-out related noise is to reduce
the strength of the turbulent mixing of the vortex shedding oﬀ the cut-out and the
slat wake. This is achieved by the modifying the main element leading edge. Three
modiﬁcations to the cut-out are proposed and corresponding simulations were carried
out. Sketches of these three geometries are shown in Figure 6.1 together with the
baseline original cut-out shape.
(a) sharp edge cut-out (b) cut-out sealed
(c) edge-chamfered cut-out (d) edge-rounded cut-out
Figure 6.1: Geometries of the baseline and three shape modiﬁed cut-outs.
All the three grids are calculated based on the original geometry with a sharp edge
cut-out, the same ﬂow conditions and numerical setup used in Section 5 were applied
to the simulations of three modiﬁed geometries. The free-stream Mach number used
in the following calculations is Ma = 0.23 and the corresponding Reynolds number
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Re = 3.9 × 106. The incoming ﬂow has an AOA of 5◦ to the wing mean chord.
6.1.2 Eﬀect of cut-out sealed
Firstly, the cut-out modiﬁcation based on the geometry the baseline geometry with
the original baseline cut-out sealed. The open cut-out is sealed to recover an ideal
aerodynamic shape of the main element leading edge that is able to avoid the gen-
eration of vortex shedding oﬀ the sharp edged cut-out. A constant non-dimensional
time step of dt = 1×10−5 was used for all the following simulations. The simulations
were run for 60,000 time steps to allow the transient ﬂow ﬁeld to wash out. Another
10,000 time steps were run to collect acoustic data. So do the following simulations
for the edge-rounded and edge-chamfered geometries.
The instantaneous vorticity contours are compared between the sealed cut-out
case and the baseline case Plots are compared at the three diﬀerent spanwise positions,
S1, S2 and S3. Figure 6.2 shows the vorticity contours at Position S1, which cut
through the middle of the slat track. Figure 6.3 is for Position S2, which is to the
side of the slat track but still within the cut-out. Further out as the inﬂuence of the
slat track and the cut-out becomes weaker little diﬀerence is observed therefore plots
for Position S3 are not shown and results are not discussed in this section.
At Position S1, signiﬁcant diﬀerences are observed between the two ﬂow ﬁelds.
The vortical ﬂow with the cut-out sealed is much weaker than that for the case with
a sharp cut-out due to the smoothed leading edge streamlining the ﬂow over the
main element surfaces. The shear layer from the slat cusp impinges on the slat track
and goes around the slat track. The shear layer is broken down to smaller vortices
within the slat cove. The interaction of convected vortices near the mean ﬂow with
the streamlined main element leading edge does not result in the turbulence level
being signiﬁcantly intensiﬁed as generally happens when the vortices hit the sharp
cut-out edges. The weakening of the vortical ﬂow from the main element leading
edge, compared to the strong vortices shed from the sharp cut-out edge, leads to a
depressed mixing with the slat trailing edge wake. As similar scenario happens in
Position S2; the streamlined leading edge with the sealed cut-out results in a less
turbulent boundary layer being formed, signiﬁcantly depressing the interaction of the
boundary layer with the slat trailing edge. High vorticity levels are found in the areas
where the slat cusp shear layer interacts with the track.
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Figure 6.2: Contours of instantaneous vorticity at Position S1 for the two cases.
x/c
y
/
c
-0.1 0 0.1 0.2 0.3 0.4
-0.1
0
0.1
0.2
0.3
z-vorticity
8000
6400
4800
3200
1600
0
-1600
-3200
-4800
-6400
-8000
(a) Original
x/c
y
/
c
-0.1 0 0.1 0.2 0.3 0.4
-0.1
0
0.1
0.2
0.3
z-vorticity
8000
6400
4800
3200
1600
0
-1600
-3200
-4800
-6400
-8000
(b) Cut-out sealed
Figure 6.3: Contours of instantaneous vorticity contours at Position S2 for the two
cases.
As shown in Figure 6.4 (b), the regions with the highest TKE levels are observed
in the gap between the slat trailing edge and the main element leading edge where
the vortices shed from the track interact with the sheared boundary layer under the
slat and above the main element leading edge. When these vortices are convected
by the mean ﬂow over the main element, they are stretched by the mean velocity
gradient leading local TKE levels to increase dramatically. Compared with Figure
6.4 (a), sealing the cut-out can signiﬁcantly reduce the local TKE levels in the slat
cove region by avoiding the interaction between the extra vortex shedding generated
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at the sharp cut-out and the convected vortices shed by the track. The same TKE
level attenuation is found by comparing Figure 6.5 (a) and Figure 6.5 (b).
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Figure 6.4: Contours of TKE distribution at Position S1 for the two cases.
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Figure 6.5: Contours of TKE distribution at Position S2 for the two cases.
After the cut-out is sealed, the ﬂow accelerates through the gap between the
slat trailing edge and the main element and attaches to the smoothed main element
leading edge curvature. Fewer disturbances are created and convected downstream
or fed back to the slat cove region. Larger 3-D vortical structures are found within
the slat cove region as displayed in Figure (6.6) compared to the case with the slat
track and cut-out as shown in Figures (5.28) and (5.29). The vorticity levels are still
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high around the track where the cusp shear layer interacts with the track. Agreeing
with the above analysis of the vorticity activity in this area, there is no noticeable
interaction of the main element leading edge boundary layer and the slat wake above
the main element since they are developing in parallel.
(a) sharp cut-out
Figure 6.6: Iso-surface of second invariant of the velocity gradient Q = 8000 around
the slat with cut-out sealed.
Far ﬁeld directivities based on the data collected from the oﬀ-body FW–H surface
are compared in Figure 6.7. The three lines represent the farﬁeld directivities for the
three conﬁgurations: the baseline geometry and the conﬁgurations with and without
the cut-out sealed. Signiﬁcant noise reduction is achieved by sealing the cut-out.
Compared with the baseline case, the farﬁeld directivities still have a dipole-like
shape with the cut-out sealed. The main radiation direction is vertical while the
radiation direction is θ = 120o upwards for the baseline case. The noise levels are
increased even though the cut-out is sealed and no vortices are being generated on
the main element leading edge. Along the main radiation direction at θ = 270o, the
SPL increases 7.3 dB mainly due to the intensiﬁed slat cove vortical activities caused
by the presence of the slat track.
However the overall noise levels are dramatically decreased compared to the orig-
inal cut-out especially in the horizontal direction. The maximum SPL reduction is
19.4 dB at θ = 0o, corresponding to the main radiation direction of the cut-out sur-
face noise. Because the strong interaction of the vortices convected through the main
element leading edge gap with the cut-out sharp edge has been avoided, there is no
strong acoustic feedback loop established in the slat cove. This is the main reasons
behind the the signiﬁcant attenuation of the noise level. Therefore, the cut-out causes
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more noise to be produced and contributes more to the overall noise increment than
the slat track. With the cut-out sealed, the noise level is attenuated in all directions.
In the direction right beneath the slat cusp (θ = 270o), the SPL level is decreased 3.8
dB when the cut-out is sealed.
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Figure 6.7: Directivities of radiated sound from three conﬁgurations.
The spectra of two monitor points near the slat trailing edge and cusp at Position
S1 are compared after the cut-out has been sealed in Figures 6.8 and 6.9. Compared
with the baseline case, the spectrum of the cut-out sealed case does not contain the
peak frequency at 147 Hz which is related to the noise radiated by the large vortices
recirculating in the slat cove. The existence of slat track interrupts the formation of
the large recirculations and also mitigates the strength of the slat cusp shear layer
at Position 3. Therefore the noise levels have been signiﬁcantly attenuated from the
spectrum of the monitor near the slat cusp in Figure 6.9.
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Figure 6.8: Comparison of spectra at the monitor point near the slat trailing edge.
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Figure 6.9: Comparison of spectra at the monitor point near the slat cusp.
Although it has showed great potential reduction for reducing the noise levels,
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sealing the cut-out has some practical diﬃculties. After the ﬂight takes oﬀ, in-ﬂight
bending needs enough space between the wing and the track to make the track being
withdrawn smoothly and to contain the slat track joint. Hence the cut-out cover
complicates the design of the high-lift wing and is not practically applicable.
6.1.3 Eﬀects of the edge-rounded and edge-chamfered cut-
outs
Two more realizable geometry modiﬁcation approaches are now proposed attempt-
ing to reduce the slat noise concentration on cut-out geometry modiﬁcations. This
section investigate two cut-out geometry modiﬁcations, the edge-rounded and the
edge-chamfered cut-outs. The edge-rounded cut-out is expected to produce a more
streamlined shape to reduce the strength of the vortex shedding. The edge chamfered
cut-out has a protruding front edge whose angle is slightly forward but enough space
for the cut-out to contain the slt track and track joint. This modiﬁcation is able
to cause the vortices to be formed ahead of the slat trailing edge and delay their
interaction with the slat wake. Simulations on the above two conﬁgurations were
performed. The aerodynamics and aeroacoustics are compared with results from
previous simulations of the sharp cut-out geometry.
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Figure 6.10: Contours of instantaneous vorticity for the conﬁguration with edge-
rounded cut-out.
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Figure 6.11: Contours of instantaneous vorticity for the conﬁguration with edge-
chamfered cut-out.
The vorticity contours are plotted in Figure 6.10 and Figure 6.11 for these two
conﬁgurations respectively. Compared with the case with original sharp edge cut-
out, the most noticeable features are found in the snapshot for the case with the
edge-rounded cut-out. This kind of cut-out would conceptually cause separation of
the streamlines of the ﬂow, but not very eﬃciently because of the smoothed edge.
This obstruction allow considerably less disturbance when the ﬂow passes the cut-out
and generates a separated shear layer over the cut-out as observed in Figure 6.10.
The separated ﬂow travels a short distance and then reattaches to the main element
suction surface. It is seen that the boundary layer keeps distance with the slat wake
behind the cut-out, and starts to interact with it down to the middle of the wing. An
abatement of the slat cove vortical ﬁeld is observed with the edge-rounded cut-out
whereas even stronger vorticity activity us found when the sharp cut-out corner is
retreated in to the slat cove for the case with edge-chamfered cut-out, as shown in
Figure 6.11. The interaction of the vortices shed oﬀ the cut-out edge and the slat
wake has not been delayed as expected.
Figure 6.12 and Figure 6.13 depict the distribution of TKE after the geometry
of the cut-out has been modiﬁed to rounded and chamfered shape respectively. At
Position S1 and S2, the TKE level is still high near the chamfered shape cut-out.
This engraved part causes strong vortex shedding oﬀ the sharp edge and ampliﬁes
the unsteadiness in the slat cove while the TKE level is relatively low with the vortices
in the shear layer over the edge-rounded cut-out.
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Figure 6.12: Contours of TKE distribution at diﬀerent spanwise cross sections with
edge-rounded cut-out.
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Figure 6.13: Contours of TKE distribution at diﬀerent spanwise cross sections with
edge-chamfered cut-out.
Results discussed above show that change of the cut-out geometries modiﬁes both
the aerodynamics and aeroacoustics in the slat cove. The spectral of the pressure
ﬂuctuations at all three typical points around the slat are compared in Figures 6.14-
6.16. The spectra of the point above the track in all the ﬁgures proved that the
unsteadiness in the cove are suppressed due to the sharp cut-out edge rounded, But
the spectra for the sharp and edge-chamfered cut-outs still display a very high ampli-
tude over the whole frequency band. The spectrum for the edge-chamfered cut-out
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shows a similar trend as the spectrum for the sharp cut-out at three positions. No
meaningful noise level reduction is seen even behind the slat trailing edge for the
edge-chamfered cut-out since the front of the cut-out is chamfered into the cove to
leave more space for the vortex shedding from the upper surface of the cut-out to
reattach back to the main element surface. At the position near the cusp, the cham-
fered surface prevents the vortex shedding from the slat track from recirculating back
to the slat cove and re-interacting with the track to increase the cove instability
that may leading to more noise radiated from the slat cove region. Therefore, the
edge-rounded cut-out is a better option to reduce the slat track system noise with
minimum modiﬁcation. According to the spectra, the same SPL peak at frequency
of 1447 Hz is noted. It may be related to the interaction of the unstable shear layer
from the slat cusp with the slat track since this frequency has not been found in the
spectrum of the baseline case without the slat track system in place.
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Figure 6.14: Comparison of spectra at the monitor point near the slat trailing edge.
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Figure 6.15: Comparison of spectra at the monitor point over the slat track.
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Figure 6.16: Comparison of spectra at the point near the slat cusp.
The spectra of a farﬁeld monitor point at 270o, which are right beneath the wing,
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are compared in Figure 6.17 for these three conﬁgurations. Apparently, the noise
level is reduced over the whole frequency band especially the middle-high frequency
band with the edge-rounded cut-out. The spectram curve shows the low frequency (<
400Hz) noise level is reduced, the middle-high frequency noise level is not attenuated
but increased when the frequency increases to 4k Hz.
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Figure 6.17: Comparison of spectra at the point right beneath the HLDs.
To quantitatively compare the noise radiated by the slat track system with the
diﬀerent modiﬁcations, the farﬁeld directivities obtained from the FW–H solver are
plotted in Figure 6.18. For the edge-chamfered cut-out case, the noise levels are not
attenuated, on the contrary, they actually increase in all directions. The vortical
ﬁeld also shows a similar pattern as that for the case with the sharp-edged cut-
out. However, signiﬁcant noise mitigation is observed for the conﬁguration with the
edge-rounded cut-out. The maximum noise reduction of 7.6 dB is observed in the
direction of 35o. The noise decreases 5.2 dB at the angle of 270o. Compared with
the baseline case without the slat track system in place, the noise levels signiﬁcantly
increases behind the cut-out and louder noise is radiated downwards although the
cut-out edges have been smoothed. The maximum increase of 16 dB is seen at 30o.
At the angle of 270o, the noise level increases 6 dB.
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Figure 6.18: Directivities of the conﬁgurations with diﬀerent shape of cut-outs.
6.2 Noise Reduction through Acoustic Bulk Ab-
sorbing Material Application
Passive control is another important noise reduction method. Passive mediums such
as porous or ﬁbrous materials are generally sound resistive in nature and many have
been widely accepted as sound absorptive materials. These absorptive materials
reduce the acoustic energy of sound waves by converting the mechanical motions of
the air particles into another form of energy such as low-grade heat [113]. At high
frequencies, when the sound wave passes the irregular pores, heat lost by the friction
dissipates energy in acoustic wave. At low frequencies, the acoustic energy reduction
is mainly caused by heat exchange.
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Figure 6.19: Contours of instantaneous pressure perturbations on the spread cut-out
surfaces.
Absorptive material was applied to reduce airfoil noise in experiments and a no-
ticeable mitigation over a wide range of frequencies has been found for the slat trailing
edge noise cases [49]. A 20 dB reduction in the far ﬁeld accompanied by 25 percent
increase in the dominant frequency was achieved by Khorrami’s passive porous treat-
ment on the slat trailing edge [50].
The eﬀectiveness of this acoustic bulk absorbing material on slat track system
noise and the potential noise reduction are evaluated by an engineering empirical
estimation.
6.2.1 Acoustic absorbing bulk material on cut-out
In this project, the main element leading edge cut-out, as an engraved part plotted in
Figure 6.20 has already been identiﬁed as an important noise generator and ampliﬁer
in the previous simulations. The slat cusp shear layer convected by the mean ﬂow
over the main element leading edge impinges on the cut-out solid surface resulting
in a more complicated ﬂow ﬁeld. Simulations performed in this work have shown
that high pressure ﬂuctuations appearing on the cut-out surfaces, as shown in Figure
6.19. These high pressure ﬂuctuations acting on the cut-out lead to more noise being
radiated to the far ﬁeld.
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Figure 6.20: Basic geometry of the cut-out in the leading edge of the main element
(not to scale).
Porous materials, such as mineral wool or glass wool, have high acoustic absorption
and have been conﬁrmed as eﬀective sound absorbers (metals, in contrast, is a good
sound conductor). When this acoustic bulk absorbing material is applied directly
against the rigid walls of the cut-out. The enclosure of acoustic absorbing material
is created to attenuate the sound radiated by the cut-out. A sketch of the acoustic
absorbing material placement is shown in Figure 6.21. The lined area of the cavity is
estimated from Figure 6.22 where the cavity has been unwrapped onto a ﬂat surface.
By approximating into semi-circles and rectangles, the total area is estimated as 884
mm2. The total unlined area which is the open area of the cavity is 1599 mm2.
The unlined to lined area ratio is 1.8:1. The chosen thickness of 50 mm for the
sound absorbing lining material is based on the consideration of not obstructing the
movement of the slat track and still being eﬀective in the frequency range concerned.
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Figure 6.21: Sketch of the application of porous material.
Figure 6.22: Unwrapped schematic of the cavity area for full scale model.
6.2.2 Properties of the acoustic absorbing bulk material
Estimation for the potential noise attenuation due to the acoustic liner on a ﬂat
surface is based on the transmission and reﬂection loss of a porous liner when the
normal incidence sound hits on the surface. The characteristics of this acoustic liner
can be determined by the following parameters.
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The thickness of the material has been proved to have a direct relationship with
low frequency noise absorption. One rule of thumb for this is that eﬀective sound
absorption is achieved when the thickness of the material is approximately one tenth
of the wavelength of the incident sound [114]. The maximum absorption occurs at
a resonant frequency of one quarter of a wavelength of the incident sound [115].
However the inﬂuence from thickness of the material on high frequency sound is not
signiﬁcant.
The ability of a material to absorb sound is characterized by the sound absorption
coeﬃcient α. α = 1 represents that the entire incident sound is absorbed. Otherwise
if α = 0, no absorption happens. If α is between 0 and 1, that means certain portion
of the incident sound is absorbed. The coeﬃcient number represents the percentage
of the absorption. For example, 20% of the sound energy is absorbed and 80% is
reﬂected if α = 0.2.
The noise reduction coeﬃcient (NRC) is deﬁned as the average of the random
incidence absorption coeﬃcient at the one octave band centre frequencies of 250, 500,
1000 and 2000 Hz [68].
6.2.3 Estimation of the noise attenuation
To reduce the noise generated by the main element cut-out, PU-FR retardant acoustic
duct foam is used for the internal lining of the cut-out. The estimation of the noise
reduction is made using NRC calculation for this material.
The incidence sound is assumed to be propagated randomly through the acoustic
liner. The decibel reduction is calculated by taking into account that only part of
the cut-out cavity is wrapped by the acoustic bulk absorbing material. The ratio of
the unlined to lined area is measured as 1.8:1.
The absorption coeﬃcients for a typical 50 mm thick duct foam [116] are given
in Table 6.1. Because sound absorption materials usually display diﬀerent sound
absorption performance at diﬀerent frequencies, the sound absorption coeﬃcient are
generally decided by measurements at the octave band centre frequencies: 125, 250,
500, 1000, 2000 and 4000 Hz, considering the broadband characters of noise near the
cut-out as shown in Figure 6.14
The total noise reduction coeﬃcient for a normal incidence sound wave is 0.75, as
calculated by Equation (6.1):
NRC =
α250Hz + α500Hz + α1000Hz + α2000Hz
4
(6.1)
The assumption of a random incidence sound wave is more realistic than a normal
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Table 6.1: Noise reduction estimation based on random incidence absorption coeﬃ-
cient.
Frequency (Hz) 125 250 500 1000 2000 4000
Absorption Coeﬃcient 0.25 0.45 0.70 0.85 1 1
Reduction in sound energy(normal) (%) 9 16 25 30 35 35
Reduction in sound energy(random) (%) 4.5 8 12.5 15 17.5 17.5
Reduction (dB) 0.2 0.36 0.5 0.7 0.85 0.85
incidence sound wave. It could be assumed that the energy absorbed by the sound
absorbing material whose α = 1 is half of the energy absorbed when the incidence
sound waves normally hit on the liner. Therefore the averaged noise reduction level
is 0.67 dB.
The impedance of the cut-out surfaces modiﬁes from a sound reﬂective media of
sound to a good absorber. A noise reduction of 0.67 dB can be achieved using the
acoustic bulk absorbing material. Appendix C explains how to estimate the noise
reduction in more details.
6.3 Summary
Strong interactions between the vortex shedding from the cut-out edge and the slat
trailing edge wake have been identiﬁed as one of the most important noise generation
mechanisms. To reduce this noise, caused by the presence of the cut-out, three
modiﬁed cut-out geometries: sealed, edge-rounded and edge-chamfered, have been
tested trying to delay or attenuate the interaction of the vortex shedding from the cut-
out and the slat wake. Results from the simulations on the three modiﬁed geometries
show that the edge-chamfered cut-out has a limited eﬀect on the attenuation of the
noise level, but the sealed and the edge-rounded cut-out both have a signiﬁcant
eﬀect on the aerodynamics and aeroacoustics of the slat cove region. These two
modiﬁcations eﬀectively reduce the overall noise level in all directions. However,
the sealed cut-out is not practical, considering that space is required for the slat
track to be withdrawn when the ﬂight is in cruise condition. Therefore edge-rounded
cut-out can be an eﬀective noise reduction approach. Compared with the sharp
cut-out case, the maximum noise reduction is 7.6 dB observed at θ = 35o without
strong interaction of the slat trailing edge wake and the cut-out vortex shedding. In
addition, application of a suitable acoustic bulk absorbing material can be another
eﬀective approach to reduce the slat track system noise. A noise reduction of 0.67 dB
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is achieved based on an engineering estimation when the acoustic absorbing material
is applied on the surface of main element cut-out.
144Chapter 7
Conclusions and Future Work
Summary and Conclusions
A series of numerical simulations of the 3-D ﬂow ﬁeld around a HLD conﬁgurations,
with and without the slat track system were carried out to investigate the noise
generation mechanisms of the slat track system. Diﬀerent possible noise reduction
approaches were studied and discussed.
A simpliﬁed concept was investigated via a compact model, which was employed
to study the eﬀect of the slat track system on the propagation of noise produced by
other sources in the slat cove in both the near ﬁeld and the far ﬁeld. Our simulation
simpliﬁes the major noise sources in the slat cove region into lined dipoles respectively
which are placed at corresponding positions to simulate the noise propagation and
radiation. The results show that the propagation of noise from the slat trailing edge
and the slat cusp was modiﬁed due to the existence of the slat track system. With the
slat track system in place noise levels are intensiﬁed particularly in the downwards
direction. It was also noted that the noise from the slat cusp radiates more energy
towards the ground than that of the slat trailing edge.
The compact model isolates the major noise sources from the complicated acoustic
ﬁeld to study the main trend of sound propagating and radiating. This method may
shed a light to simplify an acoustic problem and save the computaional cost in the
future,
Results of three DES simulations indicate that the presence of the slat track
system has a strong impact on the aerodynamics and aeroacoustics in the slat cove
region near the slat track and cut-out.
Six major sources were identiﬁed in the area including the slat and part of the
main element leading edge:
1. the unsteady shear layer emitted from the slat cusp;
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2. the unsteady force of the ﬂuctuating reattaching ﬂow acting on the slat pressure
surface;
3. instabilities of the T–S wave in the boundary layer on the slat suction surface;
4. the secondary separation of the reattached ﬂow from the slat inner surface and
its interaction with the slat track joint;
5. the interaction of the slat cusp shear layer with the slat track and cut-out;
6. the interaction of the vortex shedding from the cut-out edges with the slat wake.
The last three sources are introduced in the slat cove region due to the presence
of the slat track system. However the eﬀect of the slat track system on the overall
lift and drag of the whole wing is limited because the area of the slat track and the
cut-out only occupy a small portion of the total wing span area. However the change
of the pressure distribution over the wing inﬂuences HLD aeroacoustics.
A noise generation feedback loop was proposed. The strong interaction of the ﬂow
passing through the gap between the slat and the main element leading edge with the
cut-out leads to additional broadband noise being produced. This noise feeds back
into the ﬂow in the slat cove, causing it to become more unstable and generating
more noise. This slat track system generates a measurable eﬀect on the slat region
noise, signiﬁcantly increasing not only the surface noise from the slat and the main
element but also the vortex generated noise. In the direction right beneath the HLDs,
the radiation noise level is increased 11 dB at 270 degree. The farﬁeld noise spectra
comparison of three near ﬁeld monitor points for both conﬁgurations shows the trend
of the dominant frequency shifting towards the higher frequency band when the slat
track system is in place. This ﬁnding agrees with the work done in JAXA [15]. Two
major frequencies, 337 Hz and 1447 Hz are identiﬁed. They may related to slat cove
recirculating ﬂow and the interaction of the slat cusp shear layer and the slat track.
Results from the simulation of a sharp edge cut-out geometry proved that the
cut-out is identiﬁed as one of the most important noise sources. The presence of the
sharp cut-out, which is an extruded non-streamlined component on the main element
front, causes more extreme separation of the ﬂow and creates more disturbances and
therefore more turbulence. Vortices created and shed oﬀ the cut-out edges interact
with the slat wake to form a thicker turbulent boundary layer which radiates more
noise.
Various approaches for noise attenuation are tested. Comparing two cases with
and without the cut-out sealed, it is clearly observed that the presence of the cut-
out increases the local turbulence levels above the main element leading edge. The
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strong interaction of the vortex shedding from the cut-out with the slat wake cause
a signiﬁcant increase in the turbulence level resulting in louder noise. However when
the cut-out is sealed, the boundary layer on the upper main element attaches to the
surface and merges downstream with the slat wake till to the middle of the main wing.
In the radiation direction towards the ground, the noise level decrease 3.8 dB. However
this treatment of noise reduction is not applicable for real-life HLDs. The simulations
of two more practical conﬁgurations with modiﬁed cut-out geometries, edge-rounded
cut-out and edge-chamfered cut-out demonstrates that the noise can also be 5.2 dB is
achieved by edge-rounded cut-out in the direction towards the ground. In addition,
acoustic bulk absorbing material can also be an eﬀective approach to reduce the cut-
out noise. An engineering estimation was made and approximately 0.67 dB decrement
was estimated to be achieved.
Future work
Several issues are identiﬁed for further investigation of the slat track noise.
In this work, a linearized approach for solving the APEs was employed to simu-
late the nearﬁeld sound propagation. However, single frequency source do not ruly
represent the broadband characteristics of the slat cusp noise. The compact model
can be used to eﬀectively describe the diﬀerence of the source radiation patterns by
various conﬁgurations but cannot be used to quantify the noise level. More accurate
results for the slat track system noise can be obtained from CFD simulations using
DES or LES.
Based on the results from DES simulations, the contribution of the slat track
system noise to the overall noise level is considered as not only the slat track system’s
self noise but also the eﬀect of this added-on conﬁguration on the other components.
The high frequency tones and the low-mid broadband components co-exist in the slat
track system noise. The grids used in our simulations only guarantee high resolution
of the boundary layer close to the surfaces of the slat track system. However, relatively
coarse grids used in the area away from the slat track system. A ﬁner grid with higher
resolution will help to resolve the high frequency components of the slat, main element
and ﬂap noise so that the eﬀect of the slat track system can be taken into account
fully. In addition, a rectangular shape track was used to replace the I-beam track as
a compromise to reduce the computation cost. A more accurate simulation on the
original geometry is important to fully investigate the slat track system noise and
determine the source distribution and the eﬀect of the slat track system.
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Derivation of N–S Equations in
Terms of Enthalpy and Velocity
The continuity and momentum equations are written in a function of enthalpy h and
the velocity u when deriving the basic APE system. The derivation is presented in
this appendix.
The mass conservation can be written in diﬀerential form as the following conti-
nuity equation:
dρ
dt
+ ∇ · (ρu) = 0 (A.1)
For an ideal gas,
p =
γ − 1
γ
Cp ρT, (A.2)
and
CpT = h. (A.3)
The state equation for ideal gas law is written in the following form:
p =
γ − 1
γ
ρh. (A.4)
If we diﬀerentiate both sides of Equation (A.4) and re-form it, we can obtain that
dρ
ρ
=
1
γ
dp
p
−
ds
Cp
(A.5)
Substituting Equation (A.5) into Equation A.1, the continuity equation can be
written in a diﬀerent form by taking derivative of pressure with respect to time as
1
p
dρ
dt
· =
1
ργ
dρ
dt
+
γ − 1
γ2
ρ
p
dh
dt
−
1
Cp
ds
dt
. (A.6)
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The sound speed travelling in ideal gas is related to pressure and density as:
c∞ =
 
γ
p
ρ
(A.7)
For a ﬂow with a low Mach number (aircraft in approach phase), The continuity
equation can be written as Equation A.8:
∇ · u =
1
ρ
dρ
dt
. (A.8)
Substituting Equation A.7 into Equation A.8, Equation A.6 is written in terms
of enthalpy and velocity.
∂ h
∂ t
+ u · ∇h −
c2
∞
R
ds
dt
+ c
2 ∇u = 0 (A.9)
In free stream, the sound speed is c∞. Adding c2
∞ ∇u into the left side of Equation
A.9 and moving the non-linearized term c2
∞ ∇u to the right-hand side.
Then, the continuity equation for APE is written as:
∂ h
∂ t
+ c
2
∞ ∇ · u = −u · ∇h +
c2
R
ds
dt
(A.10)
Using the non-conservational form of the momentum equation,
∂ u
∂ t
+ u · ∇u = −
∇ρ
ρ
+
∇ · τij
ρ
(A.11)
Therefore the N–S equations in terms of enthalpy and velocity used for the APE
system derivation are:
∂ h
∂ t
+ c
2
∞∇ · u = qc,
∂ u
∂ t
+ ∇h = fm,
(A.12)
where
qc = −u∇h +
c2
∞
R
ds
dt
,
fm = −(u · ∇)u +
∇τij
ρ
+ T∇s.
(A.13)
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Grid Sensitivity Analysis
The grid convergence study for APE simulations is based on a 3-D geometry with the
slat track system. Two grids with coarse and ﬁne point distributions, have been gen-
erated with care taken to maintain surface discontinuities to facilitate grid converged
solutions. The coarse grid system contained a total of 552,766 cells (PPW=6). The
total grid points are reduced to 1,444,902 (PPW=12) with coarser point distribution
in the slat cove region. Diﬀerent with a conventional grid sensitivity investigation
that the grid reﬁnement is performed along all the directions, the aim of this study
is to check the grid resolution only in the region around the slat track. Also there
is no reﬁnement is made in the spanwise direction. Figure B.1 shows the two sets of
grid displayed for this grid sensitivity check and Figure B.2 compares this two grid
in the vicinity of the slat. The mean spacing ration of the points near the slat track
in the wall normal direction is 2.1, while in the direction along the track is 1.23. The
ﬁne grid is able to resolve sound waves up to 10 kHz.
Two cases were run with the computational setting of Case V in Chapter 4. Line
dipoles are placed near the slat trailing edge with frequency of 8 kHz. The acoustic
pressure history of the point 0.2c over the slat trailing edge is recorded during the
calculations using the ﬁne and coarse grids respectively and compared in Figure B.3.
Both the grids resolve the acoustic waves with the correct frequency and smooth
cosine wave shapes. However acoustic pressure at one monitor point above the trailing
edge is underestimated using the coarse grid by 25%. Comparing Figure B.4, the
coarse is not able to resolve this sound wave of 8 kHz properly because the grid cell
is highly stretched in some area. The ﬁne grid is much better at resolve this high
frequency sound wave in all the directions and is able to predict the sound amplitude
accurately. Therefore the APE simulations for this study are performed on the ﬁne
grid for both the conﬁgurations with and without the slat track for the high frequency
source model .
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(a) coarse (b) ﬁne
Figure B.1: Computational domains of the two sets of grids for APE simulations.
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Figure B.2: A close-up view of the two sets of grids for APE simulations.
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Figure B.3: Comparison of the pressure perturbation history of the same monitor
under the slat (not to scale).
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Figure B.4: A close-up view of the two sets of grids for APE simulations.
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Estimation of Noise Reduction by
Acoustic Bulk Absorbing Material
The potential noise reduction is estimated for a cut-out in the leading edge of the
main element for a full scale HLD model using acoustic bulk absorbing material for
sound wave absorption..
C.1 Sound reduction of a porous material
This estimation for the potential noise reduction through acoustic lining to a leading
edge cavity is based on the transmission and reﬂection loss of a porous liner. The
transmission loss is caused by the sound waves passing through the porous material.
Because the eﬃciency of acoustic absorbing material are sensitive to sound frequen-
cies, two non-dimensional parameters, frequency parameter ρf/R1 and porous layer
thickness, fl/c, are introduced to estimate the transmission and reﬂection loss. Hereρ
represents the density of the air. f is the frequency of the sound wave. R1 is the
airﬂow resistivity. l is the thickness of the porous liner. c is the sound speed in air.
Airﬂow resistivity is one of the most important qualities that inﬂuence the acous-
tic absorbing characteristics of an porus material. Basically, the sound amplitude
is decreased by friction when it enters this material and tries to pass through the
irregular porus passages. During this process, the acoustic energy is converted into
heat. Resistance of the absorbing material to airﬂow rate is called airﬂow resistance
R1 which is measured in MKS Rayls/m.
The basis for this estimation is that the lining is placed on a ﬂat plate at a
designated liner thickness and the attenuation is calculated based on normal incidence
sound waves hitting the lining shown in Figure C.1. This is a simpliﬁed model suitable
for an estimation of the liner performance within the cavity.
153C. ESTIMATION OF NOISE REDUCTION BY ACOUSTIC BULK
ABSORBING MATERIAL
Figure C.1: Acoustically lined ﬂat plate simpliﬁcation with normal incidence sound
waves.
For the purposes of estimation, the frequency range is divided into a low, medium
and high frequency band as shown in Figure C.2. The low frequency model should be
used when the design point lies below the l/λm = 0.1 curve, the high frequency model
should be used when the design point lies above the l/λm = 1.0 curve. The important
quantities are ρf/R1 and fl/c, where l is the liner thickness. These quantities can be
used with the following graphs to estimate the transmission and reﬂection loss and
give an estimation of the total noise reduction for the cavity lining.
In the low frequency range, the inertia of the porous material is small enough for
the material to move with the particle velocity associated with the sound wave passing
through it. The low frequency transmission loss can be estimated using the curves in
Figure C.3, and is relevant for frequencies given by l/λm < 0.1. At high frequencies,
(l/λm > 1.0), the porous material is many wavelengths thick and reﬂection losses as
well as transmission losses are both important. λm denotes the wavelength of the
sound in the material. The high frequency transmission loss is given by Figure C.4
and the reﬂection loss at an air/porous interface can be calculated using Figure C.5.
At medium frequencies, the estimate can be made using a smooth curve connecting
the low and high frequency estimates.
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Figure C.2: Low, medium and high frequency regions for the estimation [8].
Figure C.3: Low frequency transmission loss for a porous liner [8].
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Figure C.4: High frequency transmission loss for a porous liner [9].
where f is the frequency octave band, l is the liner thickness, ρ is the air density,
c is the speed of sound and R1 is the material resistivity [117].
Figure C.5: High frequency reﬂection loss at air/porous material interface [8].
Using this estimation procedure, Table C.1 can be produced to show the attenua-
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tion at each frequency in the desired range. We assume a constant air density of 1.225
kg/m3 and a constant sound speed in air of 343.3 m/s. Using example data for acous-
tic foams from Bies and Hansen [8], the ﬂow resistivity of the material is assumed to
be 10,000 MKS Rayls/m with a bulk density of 40 kg/m3. The liner thickness was
chosen to be 50 mm as this is approximately the maximum liner thickness which can
be placed within the cavity. For the full scale geometry, the critical frequencies range
between 125-500 Hz, which is the range where the maximum attenuation is desired.
This covers the low to mid frequency range. The medium frequency estimation was
produced by interpolating the low and high frequency estimations. The PSD for the
cavity noise is presented in Figure C.6.
Figure C.6: PSD for the cavity (full scale model) [8].
Predictions are perfomed for 1/3-octave band between 100 to 4000 Hz. Results
are presented in Figure C.7, this estimation predicts an attenuation of approximately
3dB in the important frequency range for the cavity noise source.
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Table C.1: Attenuation estimation over a range of octave bands
Octave Band (Hz) 125 250 500 1000 2000 4000
λ(m) 2.74 1.37 0.69 0.343 0.172 0.0858
l/λ 0.018 0.036 0.073 0.146 0.291 0.581
fρm l/ρc 0.594 1.19 2.38 4.76 9.52 19.04
R1 l/ρc 1.19 1.19 1.19 1.19 1.19 1.19
ρf/R1 N/A N/A N/A 0.123 0.245 0.49
Transmission Loss (dB) 3 3 3 3.5 (low) 3.5 (low) 3.5 (low)
4 (high) 6 (high) 7.5(high)
3.63 (total) 4.1 (total) 5 (total)
Reﬂection Loss (dB) 0 0 0 0.1 0.1 0
Total Attenuation (dB) 3 3 3 3.63 4.1 5
Figure C.7: Attenuation vs. Frequency for the cavity lining at 50 mm thick.
To predict the sound attenuation by the liner, the following assumptions are made:
• All of the sound waves produced in the gap are normally incident on the surface
of the lining. Therefore the actual performance of this lining will be lower than
estimated here.
• Eﬀects such as refraction and diﬀraction from the edges of the gap, slat and
support arm have not be included.
• Reﬂection from the slat has not been taken into account.
• Sound radiated directly from the cavity has not been included.
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• The liner thickness is assumed constant throughout the cavity although it is
slightly thicker in the corners.
• The cavity is a stagnation point and therefore the ﬂow is assumed to have no
velocity.
C.2 Improved estimation on random incidence sound
A simple estimate can be made using the absorption coeﬃcient of the acoustic mate-
rial. The random incidence sound absorption gives the ratio of the absorbed energy
to the amount of incident energy:
αR =
absorbed energy
incident energy
(C.1)
This is for random incidence sound waves as shown in Figure C.8 which is much
more realistic than the normal incidence assumption made in the previous estimation.
For this situation, it can be assumed that half of the sound power incident on the
liner is absorbed. That is αR=0.5.
Figure C.8: Acoustically lined ﬂat plate simpliﬁcation with random incidence sound
waves.
The lined area of the cavity is estimated from Figure C.9 where the cavity has
been unwrapped onto a ﬂat surface. By approximating semi circles and rectangles,
the total lined area can be estimated as 8.852 cm2. The total unlined area, which is
the open area of the cavity, is 0.7134 mm2. This gives a unlined-to-lined area ratio
of 1.8:1.
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Figure C.9: Unwrapped schematic of the cavity area for full scale model.
The absorption coeﬃcients for a typical 50 mm thick duct foam [116] are given
in table C.2. The decibel reduction is calculated by taking the amount of energy
absorbed if the whole cavity was lined, and dividing it by the ratio of the lined to
unlined cavity area.
Table C.2: Noise reduction estimate based on random incidence absorption coeﬃcient.
Frequency (Hz) 125 250 500 1000 2000 4000
Absorption Coeﬃcient 0.25 0.45 0.70 0.85 1 1
Reduction in sound energy (%) 9 16 25 30 35 35
Reduction (dB) 0.2 0.36 0.5 0.7 0.85 0.85
This method suggests a smaller sound reduction of 0.2 - 0.85dB but takes into
account the random incidence of the sound waves and the ratio of the lined to unlined
surface area within the cavity.
This estimation is made under the following conditions:
• Eﬀects such as refraction and diﬀraction from the edges of the gap, slat and
support arm have not be included.
• Reﬂection from the slat has not been taken into account.
• The liner thickness is assumed constant throughout the cavity although it is
slightly thicker in the corners.
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• The cavity is a stagnation point and therefore the ﬂow is assumed to have no
velocity.
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